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ABSTRACT
The obscuring circumnuclear torus of dusty molecular gas is one of the major components of
AGN (active galactic nuclei), yet its size, composition, and structure are not well understood.
These properties can be studied by analyzing the temporal variations of the infrared (IR) dust
emission from the torus in response to variations in the AGN continuum luminosity; a technique
known as reverberation mapping. In a recent international campaign 12 AGN were monitored using
the Spitzer Space Telescope and several ground-based telescopes, providing a unique set of well-
sampled mid-IR and optical light curves which are required in order to determine the approximate
sizes of the tori in these AGN. To help extract structural information contained in the data a
computer model, TORMAC, has been developed that simulates the reverberation response of the
clumpy torus emission. Given an input optical light curve, the code computes the emission of a 3D
ensemble of dust clouds as a function of time at selected IR wavelengths, taking into account light
travel delays.
A large library of torus reverberation response simulations has been constructed, to investigate
the effects of various geometrical and structural properties such as inclination, cloud distribution,
disk half-opening angle, and radial depth. The effects of dust cloud orientation, cloud optical depth,
anisotropy of the illuminating AGN radiation field, dust cloud shadowing, and cloud occultation
are also explored in detail. TORMAC was also used to generate synthetic IR light curves for the
Seyfert 1 galaxy, NGC 6418, using the observed optical light curve as the input, to investigate
how the torus and dust cloud properties incorporated in the code affect the results obtained from
reverberation mapping. This dissertation presents the most comprehensive investigation to date
showing that radiative transfer effects within the torus and anisotropic illumination of the torus
can strongly influence the torus IR response at different wavelengths, and should be accounted
for when interpreting reverberation mapping data. TORMAC provides a powerful modeling tool
that can generate simulated IR light curves for direct comparison to observations. As many types
of astronomical sources are both variable and embedded in, or surrounded, by dust, TORMAC
also has applications for dust reverberation studies well beyond the AGN observed in the Spitzer
monitoring campaign.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
Over the last few decades, it has been firmly established that supermassive black holes (SMBH)
are present in the centers of most, if not all, galaxies (Fabian, 2012; Ferrarese & Ford, 2005).
During growth phases, these SMBH are observed as active galactic nuclei (AGN); the SMBH grows
by accreting interstellar gas while releasing vast amounts of energy in the form of electromagnetic
radiation, gas outflows, and jets of ionized plasma. This energy release is thought to have a major
impact on galaxy evolution, clearing away gas that would otherwise form stars (Fabian (2012)
and references within). However, active SMBH are surrounded by dusty molecular gas, which
obscures our observations and severely hinders studies of the SMBH growth phase. For this reason
it is important to understand the properties (such as size, structure, and composition) of these
obscuring structures. According to unified models of AGN, this dusty region is roughly in the form
of a torus (Krolik & Begelman, 1988; Antonucci, 1993; Urry & Padovani, 1995).
It is apparent that the torus poses a problem for studies of AGN. Due to its obscuration we
cannot directly observe the growth phase of the SMBH in many AGN. Furthermore, dust heated
by star formation also radiates in the IR, so it is difficult to determine the contribution of each
when analyzing the observed IR spectrum. A better understanding of the torus’ shape, size, and
composition will help resolve these problems. For example, much of the AGN’s radiative energy
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output is reprocessed by the torus (Barvainis, 1987; Clavel et al., 1989); thus a better understanding
of this structure is needed to accurately determine the intrinsic luminosity of the AGN and hence
the accretion efficiency and growth rate of the SMBH. It is also desirable to understand how the
torus properties change with AGN luminosity and/or redshift in order to better understand the
cosmological evolution of these processes.
Current single dish telescopes do not have the spatial resolution to directly image the torus, so
it is necessary to use indirect methods to study its size and structure. One method is reverberation
mapping (e.g. Blandford & McKee (1982); Peterson (1993)). This method uses the fact that the
dust from the torus absorbs the optical/ultraviolet (UV) light emitted by the accretion disk and
re-emits it in the IR. The dust emission will, thus, vary in response to driving variations in the AGN
optical/UV luminosity. Due to differences in light travel times to different points in the torus, the
IR radiation from a particular dusty clump will reach the observer at a delayed time that depends
on the orientation and position of the clump within the torus. At a given time delay, the observer
sees the part of the torus that intersects a corresponding isodelay surface (Peterson, 2001). The
delayed response of the torus IR emission thus yields information about its size and structure.
The work reported in this dissertation was performed as part of an effort by a large interna-
tional collaboration that is engaged in the first attempt to reverberation map the torus at mid-IR
wavelengths. This group was awarded over 200 hours of Spitzer Space Telescope time to observe
12 Type 1 AGN. Using the Spitzer data and optical data from ground-based telescopes in several
countries around the world, this group compiled a unique set of well sampled mid-IR and optical
light curves from these AGN over a 2.5 year baseline. The goal was to use these data to determine
the sizes and structures of the tori for these AGN. The most interesting optical and infrared vari-
ability during the campaign occurred in NGC 6418. The observations of this object and detailed
reverberation analysis of the data are reported in Vazquez et al., 2015, and Robinson et al., in
preparation. The Spitzer IR light curves for the complete sample are presented in Vazquez 2015.
Observational reverberation mapping measurements can only give an indication of the size of
the torus, so the author’s role in the project was to develop a computer model that simulates the
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reverberation response of a clumpy torus, in order to study how the torus structure and geometry
affect the IR dust emission response with the eventual goal of extracting structural information
contained in the reverberation mapping data. Using observed AGN light curves as the “input”
signal, this simulation computes the predicted torus responses for a variety of structural parameters,
such as orientation, cloud distribution, and radial depth, that will be directly compared to the
observed IR light curves.
1.1 AGN
After extensive studies, a standard model for AGN has been developed, which includes 5 major
components: a SMBH, an accretion disk, a dusty circum-nuclear torus, and broad and narrow
emission line regions. When the orbits of interstellar gas clouds are disturbed (such as through an
interaction with a companion galaxy), inflow to the nucleus occurs and an accretion disk forms.
This disk not only supplies the material for SMBH growth but is also the “engine” that powers the
AGN, converting gravitational potential energy of the infalling matter into a highly luminous source
of radiation that provides the main observable signature of AGN. Within a parsec (pc) of the SMBH
are the high velocity, dense (optically thick) gas clouds of the broad-emission line region (BLR)
(Peterson, 1993; Kaspi et al., 2005). Surrounding all of this in a toroidal shape is an obscuring
region of dusty molecular gas that extends from about 1 pc to a few pcs (Krolik & Begelman, 1986,
1988). Lastly, extending beyond the torus out to a distance of a few kpcs (Bennert et al., 2002,
2006; Bianchi et al., 2012)are the low velocity, low density gas clouds of the narrow-emission line
region (NLR).
AGN are typically divided into unobscured (Type 1) and obscured (Type 2) AGN, depending
whether they are oriented face-on with respect to the observer’s point of view, or edge-on. Figure 1.1
shows an artistic representation of an AGN highlighting the components and their classification due
to orientation with respect to the observer. Light from an edge-on Type 2 AGN is obscured from IR
to X-rays (i.e. the emission from the accretion disk and BLR is strongly attenuated). Observations
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Figure 1.1: This figure depicts the components of the AGN: the SMBH, the accretion disk, the
torus, and the broad and narrow line emission regions. Also, shown are the different classifications
based on orientation (from Urry & Padovani, 1995).
have shown that AGN are highly variable, leading to the deduction that the continuum source is
very small, on order of a few light days (1 light day≈ 8.1 × 10−4 pc; Peterson (1993)). Another
major property of AGN is the existence of strong emission lines in the ultraviolet (UV) and optical
spectra. These emission lines can be broken up into two categories that are classified based on the
region from which they were emitted: the BLR or NLR. The BLR produces emission lines with
widths of 1000 km/s to 104 km/s, whereas the NLR produces emission lines of about 200 km/s to
500 km/s.
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BLR
The BLR plays an important role in our understanding of AGN due to its proximity to the
SMBH. First, the widths of the broad emission lines are so large that they cannot be due to
thermal or pressure broadening given inferred density and temperature of the region (Blandford &
McKee, 1982). For instance, given a temperature of ∼ 104 K broadening due to thermal motions
yields a velocity of approximately 10 km/s (v ≈ (kTm )1/2). However, as mentioned above, emission
lines from the BLR have widths that are greater than 1000 km/s. Thus the Doppler broadening
of the emission line widths is believed to be due to the bulk motions of the line-emitting clouds
under the gravitational influence of the SMBH. Second, the emission lines from the BLR provide
indirect information on the continuum source of the AGN (Peterson, 1997). As mentioned before,
AGN are highly variable and the fluxes of emission-lines from the BLR are also observed to vary,
closely following the variations in the continuum of the AGN.
Torus
After observing broad emission line features in scattered light in a Type 2 AGN, Antonucci &
Miller (1985) proposed that Type 2 AGN are in fact Type 1 AGN but obscured in our line of sight by
a “very thick absorbing disk”. Since then a lot of research has been conducted to try to determine
the size, structure, and composition of this obscuring component of AGNs. Statistical studies of
AGN populations and detailed observations of individual objects indicate that the structure is a
torus (e.g. Antonucci & Miller (1985); Antonucci (1993); Krolik & Begelman (1986, 1988); Urry &
Padovani (1995)). A toriodal geometry composed of dust can simply explain the geometrical and
optical thickness, and how orientation can affect the features observed in different AGN. Also, the
“torus” emission in the IR may explain certain IR features (such as the IR bump and the silicate
emission/absorption feature) observed in the spectral energy distributions (SEDs) of AGN (e.g.,
Barvainis, 1987, 1992; Hoenig, 2013).
At present, the only way to resolve the dust distribution in the inner nuclear regions of, at least
nearby, AGN is through IR interferometry. Several objects have been observed using near-IR (NIR)
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interferometry that have provided estimates for the innermost torus dust radius (Swain et al., 2003;
Kishimoto et al., 2009a; Weigelt et al., 2012; Kishimoto et al., 2011a; Pott et al., 2010). These radii
were found to be tightly correlated with AGN luminosity, LAGN , as r ∝ LAGN 0.5 and are of the
same order, or slightly larger, in value as radii determined using reverberation mapping methods
(Kishimoto et al., 2009a, 2011a; Koshida et al., 2014; Burtscher et al., 2013). However, these
radii tend to be smaller than the theoretical dust sublimation radius predicted for a sublimation
temperature of 1500 K and grain size of 0.05 µm (Kishimoto et al., 2007). This will be discussed
in more detail in the following section.
The first mid-IR (MIR) interferometric observations yielded estimations of the overall size and
projected orientation of the MIR dust emission region in 2 AGN (Jaffe et al., 2004; Tristram
et al., 2007). Since then, slightly over 20 galaxies have been studied using MIR interferometry
(Burtscher et al., 2009, 2013; Kishimoto et al., 2009b, 2011b; Tristram et al., 2009, 2012; Ho¨nig
et al., 2012, 2013; Lo´pez-Gonzaga et al., 2014). Recent analysis has found the radius determined
from MIR interferometric observations does not exactly follow a r ∝ LAGN 0.5 relation but increases
more slowly with luminosity and has more scatter than radii determined from NIR observations
(Kishimoto et al., 2011b; Burtscher et al., 2013). Also, polar dust is argued to be the dominant
source of the AGN MIR continuum (e.g., Ho¨nig et al., 2013; Asmus et al., 2016)
Radiative transfer models of the dusty tori have been developed to reproduce the IR SEDs
(spectral energy distributions) of AGN. The main constraints that every torus model must conform
to are that the torus is dusty, obscuring, geometrically thick, and has a size scale of a few parsecs
(Hoenig, 2013). The first of these simulations modeled tori as smooth density distributions (Pier
& Krolik, 1992; Granato & Danese, 1994; Efstathiou & Rowan-Robinson, 1995; Efstathiou et al.,
2013, 2014) to simplify the radiative transfer problem and because this is a good approximation
as long as the clumps that make up the torus are much smaller than the total torus size (Pier &
Krolik, 1992; Granato & Danese, 1994; Schartmann et al., 2008; Feltre et al., 2012; Hoenig, 2013).
However, Krolik & Begelman, 1988 (and others since) argued theoretically that the torus should
be clumpy; this is also supported by observational evidence (Tristram et al., 2007; Burtscher et al.,
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2009).
With advancements in computational capabilities many clumpy models have been developed
(Nenkova et al., 2002; Dullemond & van Bemmel, 2005; Ho¨nig et al., 2006; Ho¨nig & Kishimoto, 2010;
Schartmann et al., 2008; Nenkova et al., 2008a,b; Stalevski et al., 2012). Clumpy torus models have
produced IR SEDs that are in close agreement with observations. These models also successfully
reproduce differences in the strength of the 10 µm silicate dust absorption features as seen in Type
1 and Type 2 AGNs (Nenkova et al., 2008b; Nikutta et al., 2009). High resolution IR observations
have provided evidence that the torus should be compact, within a few tens of pc (Jaffe et al., 2004;
Tristram et al., 2007; Packham et al., 2007; Burtscher et al., 2013; Lo´pez-Gonzaga et al., 2014).
SED fits of clumpy models are consistent with these compact sizes; however, the SED fits produced
by smooth distribution models require tori extending beyond hundreds of pc.
1.2 Dust Properties/Physics
The focus of this dissertation work is to model and interpret the IR dust emission from AGN.
Therefore, this section outlines the relevant properties and physics of astrophysical dust grains.
1.2.1 General Dust Properties
Dust forms in dense environments where gas (primarily Si, Mg, Al, C, O) can condense, forming
seed particles which can then grow further through collisions or accretion of other atoms and
molecules (Osterbrock & Ferland, 2006; Elitzur, 2008). In order for dust to form, the environment
cannot be too cool or diffuse but also cannot be too active radiatively or thermally. The most likely
regions of dust formation are in the stellar winds of red giant or asymptotic giant branch stars,
and less frequently evolved planetary novae and the cooling envelopes of novae. The conditions of
the interstellar medium (ISM) are usually too cool and diffuse to create the amount of dust that
is observed. Dust grains dominated by Oxygen and Silicate compounds, such as pyroexenese and
olivines form from Oxygen-rich stars, whereas dust grains dominated by Carbon, such as graphite,
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diamond, and amorphous Carbon are from Carbon-rich stars.
Dust can be destroyed in two ways. The main way is through ion-grain (sputtering) or grain-
grain collisions in very harsh, hot environments caused by passing shock waves produced by stellar
winds or supernova explosions. Dust grains can also be destroyed by photo-evaporation or subli-
mation if in proximity to UV sources such as O stars and AGN.
The exact size distribution of dust grains can be determined by inverting the observed extinction
curve; however, the grain composition, shape, and optical properties must be known. Given that
we do not know these parameters that well we must rely on models. One model that provides a
good fit to the ISM extinction curve is the Mathis-Rumpl-Nordsieck (MRN; Mathis et al., 1977)
dust model which assumes a power-law size distribution n(a) = a−x where the best fit power-law
index is x = 3.5. With this distribution, one can extrapolate that the extinction will be dominated
by small grains, and the total dust mass will be dominated by large grains.
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Figure 1.2: The spectral shape of interstellar dust extinction, Cext, showing the contributions of
its scattering Cscat, and absorption components Cabs, Cext = Cabs + Cscat (calculated using the
extinction curves of Weingartner & Draine (2001) and Li & Draine (2001)).
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Dust grains can scatter and/or absorb radiation emitted by other objects. For the wavelengths
we are particularly interested in (λ & 2µm) dust grains essentially only absorb incoming radiation;
i.e., scattering is essentially negligible at these wavelengths. Dust is mainly heated by absorbing
optical/UV radiation and cooled by radiating the heat away in the IR.
Assuming the dust is in a steady-state, the dust equilibrium temperature can be determined by
balancing the energy being absorbed with the energy being emitted. The energy emitted by a dust
grain at temperature, Td, with cross section, σd = pia
2, is
Γ = 4piσd
∫ ∞
0
Q(λ)B(λ, Td)dλ,
where B(λ, Td) is the Planck function at the dust temperature, Td, Q(λ) is the absorption efficiency,
and a is the grain size. The absorption efficiency is often approximated as a power-law where
βabs = 1− 2 and Q0 = 1 when λ0 = 2pia. The absorption efficiency can be rewritten as the “Planck
Mean Efficiency”, 〈QP (Td)〉,
〈QP (Td)〉 =
pi
∫∞
0 Q(λ)B(λ, Td)dλ
σBT 4d
,
Assuming the dust is heated by a central source of luminosity, Lλ, at a distance, R, the energy
balance between heating, Γabs, and cooling, Γem, of the dust grain is
Γabs = Γem
pi2a2
∫ ∞
0
Lλ
4piR2
QUV (λ)dλ = 4pia
2
∫ ∞
0
QIR(λ)piB(λ, Td)dλ,
where QUV and QIR are the absorption efficiencies in the UV and IR, respectively.
Assuming QUV = 1 and using the Planck Mean Efficiency,
L
4piR2
= 4σBT
4
d 〈QIR(Td)〉.
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The dust grain temperature is therefore given by
Td =
(
1
〈QIR(Td)〉
)1/4( L
16piσBR2
)1/4
. (1.1)
If the grain is close enough to the illuminating optical/UV source, the grain temperature can
reach the sublimation temperature and be destroyed. We can use the energy conservation equation
just derived above (Equation 1.1) to estimate smallest radius at which dust can survive (assuming
a spherical shell distribution)
Rsub =
√
L
4piσBT 4d 〈QIR(Td)〉
' 0.4
(
LAGN
1045 erg s−1
)1/2(1500K
Tsub
)2.6
pc,
which is called the dust sublimation radius (Barvainis, 1987; Nenkova et al., 2008b).
Larger dust grains and those made of more carbonaceous materials can survive closer to the
illuminating source. Therefore, the dust sublimation radius should not be thought of as an absolute
sharp boundary (Kishimoto et al., 2007; Elitzur, 2008).
1.2.2 Dust in AGN
As mentioned above, AGN SEDs show evidence for a lot of emission in the IR. Part of this
emission comes from the accretion disk continuum and the other part from heated dust (Osterbrock
& Ferland, 2006). The dust in the ISM and in the Solar System is well studied but very complex.
It is more difficult to study the composition of dust in galaxies further away. However, for the most
part, similar spectral features have been observed in galaxies that resemble those found in our ISM.
Thus a typical ISM grain mix composition is assumed for all galaxies.
Some key features of the dust observed in the ISM are: the 2175 A˚ extinction bump, the 3.4
µm absorption feature (aliphatic hydrocarbon dust), the 9.7 µm and 18 µm absorption features
(amorphous silicate dust), and the 3.3, 6.2, 7.7, 8.6, and 11.3 µm emission features (polycyclic aro-
matic hydrocarbon [PAH] molecules) (Li & Draine, 2001). The 2175 A˚ extinction bump produced
by PAHs and the other PAH features are rarely seen in AGN. PAHs are typically found in star
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forming regions and can be destroyed by high energy photons produced by AGN.
The other ISM spectral features seen at 3.4, 9.7, and 18 µm are usually found in AGN but
sometimes in emission or absorption. The changes in the strength of these features in AGN are
thought to be due to larger grain size distributions or lack of grains, specific distributions of dust
such as in a clumpy torus or the polar clouds, or anisotropic illumination by the central source (Li
& Draine, 2001; Nenkova et al., 2008b; Nikutta et al., 2009).
1.3 Reverberation Mapping
1.3.1 Theory
The inner parts of an AGN (such as the BLR, torus, and accretion disk) cannot be observed
through direct imaging, but the size and structure of the line-emitting gas in the BLR, or torus,
can be obtained by observing the time response of the emission lines from the BLR, or thermal
emission of the dust, with respect to variations in the continuum luminosity of the AGN; a technique
known as reverberation mapping (or time series analysis). Extensive work has been done on the
development and application of this technique with respect to studying the BLR. For this reason
the theory of reverberation mapping will be explained in the context of the BLR; however, its
application to the torus will be discussed at the end of this section.
Reverberation mapping uses the fact that the clouds of the BLR absorb the ionizing/ultraviolet
(UV) light emitted by the accretion disk and re-process it. The BLR’s emission lines will, thus,
vary in response to driving variations in the AGN ionizing/UV luminosity. Due to differences in
light travel times to different points in the BLR, the emission-line light from a particular gas cloud
will reach the observer at a delayed time that depends on the orientation and position of the cloud
within the BLR; the BLR appears to “reverberate” in response to the continuum variations.
At a given time delay, τ ′, the observer sees that part of the BLR that intersects with a corre-
sponding isodelay surface, as seen in Figure 1.3. An isodelay surface is a surface of constant time
delay and has the shape of a paraboloid whose axis coincides with the observer’s line of sight to
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the continuum source. The time delay is expressed as
τ ′ = (1 + cos θ)r/c, (1.2)
where θ is the angle between the observer line of sight axis and the BLR cloud, r is the distance
between the continuum source and the BLR cloud, and c is the speed of light. The delayed response
of the emission-line from the BLR thus yields information about its size and structure.
observer	 θ	
r	
Isodelay	surface	
Figure 1.3: This figure shows an example isodelay surface with respect to a thin spherical shell
BLR. The locus of the isodelay surface is expressed in Equation 1.2.
The time variability of the emission line is related to the driving time variability of the AGN
UV emission via a transfer function, whose form depends on the structural properties of the BLR.
For the case of the thin shell BLR as seen in Figure 1.3, the transfer function as a function of time
delay, Ψ(τ ′), is expressed as
Ψ(τ ′)dτ ′ = 2piζrcdτ ′, (1.3)
where ζ is the emission line responsivity per unit surface area of the BLR shell. This equation
shows us that for a thin spherical shell the transfer function is constant from τ ′ = 0 to τ ′ = 2pir/c.
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The transfer function is the observed emission line response to a δ-function continuum pulse.
In reality, the observer sees the emission line radiation from all isodelay surfaces at some time,
t. The response of each surface is a function of the continuum radiation at different times in the
past. Thus the emission line flux at some time, t, is determined by integrating over all isodelay
surfaces. This is expressed as
L(t) =
∫ ∞
−∞
Ψ(τ ′)Lc(t− τ ′)dτ ′, (1.4)
where Lc(t−τ ′) is the continuum light curve at a previous time corresponding to the given isodelay
surface. Equation 3.1 is known as the transfer equation. In practice, time series observations are
required to measure the continuum light curve, Lc(t), and the emission line light curve, L(t). In
principle, these two light curves can then be used in the transfer equation to solve for the transfer
function, Ψ(τ ′); here τ ′ is the mean time delay of the integrated emission line response. The
transfer function can be obtained by Fourier methods or by employing a maximum entropy method
(Peterson, 1993).
In order to obtain a unique solution to the transfer equation a lot of high quality data must be
obtained. However, the cost in telescope observing times is usually prohibitive. Fortunately, it is
possible to obtain an estimate for the size of the BLR with fewer data, or lower quality data. This
is done by using cross-correlation analysis of the continuum and emission line light curves in order
to obtain the time shift between the two light curves that maximizes the correlation. This time
shift is known as the “lag” and for simple geometries it has been shown that it is directly related to
effective radius of the BLR (Robinson & Perez, 1990; Perez et al., 1992). The lag for a particular
emission line is defined to be the location of the peak or centroid of the cross-correlation function
which is expressed as
FCCF (τ
′) =
∫ ∞
−∞
L(t)Lc(t− τ ′)dt.
Due to the difficulty of obtaining time series data with regular sampling, modifications, such
as the interpolation method and the discrete correlation function method (Peterson, 1993; Gaskell
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& Sparke, 1986; Edelson & Krolik, 1988), have been developed so that cross-correlation analysis
may still be used on time series data with irregular sampling. The interpolation method mainly
consists of using one data set (i.e., continuum light curve) as is and interpolating data points in
the other light curve at the same time steps as the non-interpolated data set, then running the
crossing-correlation analysis to determine the lag. Typically the interpolation method is applied to
both time series’ yielding multiple lag results that are then averaged (Gaskell & Peterson, 1987).
The discrete correlation function uses only observed data points and bins the data into equal time
step bins, no interpolation is involved.
Reverberation mapping is useful as a technique because it is not dependent on any particular
geometry. The main goal in reverberation mapping is to determine the transfer function from the
emission line response to the continuum and infer the geometry of the emitting region. In practice,
cross-correlation analysis is used in observational reverberation mapping studies to determine the
lag, which is then used to estimate of the size of the observed emitting region.
1.3.2 Application to the BLR
The size of the BLR has been determined through reverberation campaigns for about 60 AGN
(Fausnaugh et al., 2017; Bentz & Katz, 2015 and references therein). As mentioned above, the size
can be determined from the measured lag, τ, using the peak or the centroid of the cross-correlation
function from cross-correlation analysis, r = cτ ′. Different research groups have differing opinions
on which technique yields the best results. However, Peterson et al. (2004) found that the lags
determined by the cross-correlation centroid have lower errors.
Perhaps the most important result to come from reverberation mapping the BLR is the empirical
R-L relationship where it was discovered that the size of the BLR scales with the luminosity of
the AGN, i.e., r ∝ Lβ (Figure 1.4). To a low order approximation, AGN broad line spectra are
similar over several orders of magnitude in luminosity over a range of AGN classes (low-luminosity
Seyfert 1’s to high luminosity quasi-stellar objects). This suggests that the ionization parameter and
electron number density are about the same in all BLRs. If this is true, then using the relationship
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The Astrophysical Journal, 755:60 (16pp), 2012 August 10 Grier et al.
Mrk 335
Mrk 1501
3C 120
Mrk 6
PG2130+099
Figure 5. Relationship between the BLR radius and AGN luminosity at 5100 Å.
The most recent calibration, from Bentz et al. (2009a), is shown by the solid
line. Gray squares are from Bentz et al. (2009a) and darker gray triangles are
from Denney et al. (2010). Open colored shapes show previous measurements
for our sources from Bentz et al. (2009a). The orange open square representing
Mrk 6 is from Doroshenko et al. (2012). Filled colored shapes represent our new
measurements of these objects. Each source was given its own shape and color
combination for ease of comparison between the new and old measurements.
Note that Mrk 6 and Mrk 1501 do not have their host galaxy starlight subtracted
and therefore their continuum luminosities are shown as upper limits.
(A color version of this figure is available in the online journal.)
while our new measurements are represented by filled shapes,
varying in shape and color by object. We have not re-fit the
best-fit trend including our new data; we leave this to a future
work. Mrk 335 and 3C 120 both fall very close to their positions
from the Bentz et al. (2009a), but we have increased the preci-
sion of their RBLR measurements. PG2130 +099 continues to lie
somewhat to the right of the relation. Both Mrk 6 and Mrk 1501
also lie noticeably below the relationship, as is expected since
we were unable to subtract the host galaxy starlight—we there-
fore show these luminosity measurements as upper limits. Host
measurements for these galaxies will shift both of them to lower
luminosities and hence closer to the existing RBLR–L relation.
To see where we expect Mrk 1501 and Mrk 6 to lie on the
relation after host subtraction, we examined the host galaxy
light fraction in galaxies with similar BLR sizes (i.e., similar
lags) to these two objects. Using measurements from Bentz
et al. (2009a), we calculated the average fraction of host galaxy
light among galaxies with similar lags, and used this fraction to
calculate the expected host galaxy fluxes, and hence the expected
host-subtracted luminosities, in Mrk 1501 and Mrk 6. Host
galaxies in objects with lags similar to Mrk 1501 contributed on
average 34% of the total luminosity, so we expect Mrk 1501 to
change from log λL5100 = 44.32 ± 0.05 to around 44.10. Host
galaxies in objects with lags similar to Mrk 6 contributed on
average 56% of the total luminosity. If we applied this to Mrk 6,
the host-subtracted luminosity would then be log λL5100 =
43.40. Both of these objects will likely continue to lie below
the current RBLR–L relation, but within the normal range of
scatter currently observed. However, it is important to note that
there is a very large scatter in the fraction of the luminosity
contributed by the host galaxies in general, so these numbers
are used for very rough estimations only.
5.2. Comments on Individual Objects
5.2.1. Mrk 335
Previous reverberation measurements of Mrk 335 were made
by Kassebaum et al. (1997) and Peterson et al. (1998) and
reanalyzed by Peterson et al. (2004) and Zu et al. (2011).
Previous Hβ measurements for this object are quite good, and
it was included in this study mainly for the potential to measure
the size of the high-ionization component of the BLR. Details
from our study have been reported by Grier et al. (2012), and
the data have been included in this study for completeness. Our
new measurement of RBLR = 14.1+0.4−0.4 days is consistent with
the previous measurement of RBLR = 15.3+3.6−2.2 (Zu et al. 2011)
when taking into account the luminosity change of Mrk 335
between these two campaigns. In other words, the position of
Mrk 335 on the RBLR–L relationship changed predictably given
the expected photoionization slope ofR ∼ L1/2 (i.e., τ ∼ L1/2).
5.2.2. Mrk 1501
No previous reverberation mapping measurements exist for
Mrk 1501. We measure τ = 15.5+2.2−1.9 days and a resulting black
hole mass of MBH = (1.84 ± 0.27) × 108 M⊙. As noted above,
this object lies noticeably to the right of the RBLR–L relation,
which is expected since we have not yet subtracted the host
galaxy contribution to the 5100 Å luminosity due to the lack of
HST imaging data. As mentioned above, once we have corrected
for host subtraction we expect the object to lie below the relation,
but still within the normal scatter.
5.2.3. 3C 120
3C 120 was observed by Peterson et al. (1998) and reanalyzed
by Peterson et al. (2004). The latter study reported τcent =
39.4+22.1−15.8 days, corresponding to MBH = 5.55+3.14−2.25 × 107 M⊙.
We included 3C 120 in our campaign in an effort to reduce
the large uncertainties in RBLR. Our new measurement of τ =
27.2+1.1−1.1 days leads to MBH = (6.7 ± 0.6) × 107 M⊙, which
is consistent with the previous measurements, but has much
smaller uncertainties due to both better-sampled light curves and
the improved techniques of measuring lags using SPEAR. Our
new measurements place this object slightly below the RBLR–L
relation, consistent with its previously measured position.
5.2.4. Mrk 6
Mrk 6 was observed in reverberation studies by Sergeev et al.
(1999), Doroshenko & Sergeev (2003), and Doroshenko et al.
(2012), who measured Hβ time lags using cross-correlation.
Doroshenko et al. (2012) report τcent = 21.1 ± 1.9 days.
This measurement was used to calculate MBH = (1.8 ±
0.2) ×108 M⊙. This study used light curves that cover a very
long time period with more sparse sampling than our campaign.
Because of our dense time sampling, our light curves are sen-
sitive to lags as small as a day or two. We measure an Hβ time
lag of 9.2 ± 0.8 days and MBH = (1.36 ± 0.13) ×108 M⊙.
Our new τ measurement is substantially lower than the previ-
ous measurement—however, varying BLR sizes are expected
if the luminosity of the object changes, in accordance with
the RBLR–L relation. In this case, the previous study reports
lower AGN luminosity measurements than we find, and by the
RBLR–L relation we would also expect a smaller τ measurement
in their data. However, they measure a lag on the order of twice
the length of ours, so this difference cannot be explained by a
change in the luminosity state. To investigate, we ran the light
curves from Doroshenko et al. (2012) through both the CCF
and SPEAR analysis software, and obtain results that are gen-
erally consistent with theirs to within errors when using cross-
correlation. However, we do note that the lags we measure using
SPEAR are noticeably lower than the lags they report when we
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Figure 1.4: This plot shows the relationship between the size of the BLR and AGN luminosity at
5100 A˚. The solid line is the fit of the R-L relationship with a slope of β=0.519 determined by
Bentz et al. (2009), and the data points re taken from Gri r et al. (2012) and references within.
(Reproduced with permission from Grier et al., 2012)
for the ionization par meter, U = Q(H)
4pir2cnH
, we find that
r ∝ Q 12 ∝ L 12 .
One expects that β=0.5 if gas densities and ionization parameters are similar across AGNs. Most
studies agree with this result, but some have found relationships that a e slightly different which
is most likely due to the luminosity diagnostic used (Tilton & Shull, 2013). Values of β hav been
found to range from about ∼ 0.7 (Kaspi et al., 2000) to the theoretical ∼ 0.5 (Negrete et al., 2013;
Bentz et al., 2013). The most commonly accepted value is β=0.5.
1.3.3 Application to the Torus
Although IR SED model fitting and IR interferometry have provided much insight and con-
straints on the dusty torus, there re still many li itations that both of these methods face. For
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instance, IR SED fitting is usually based on non-contemporanaeous observations and since AGN
are highly variable these results are highly uncertain. Also, IR interferometry observations have
yet to spatially resolve the inner regions of the torus and are limited to nearby AGN.
On the other hand, reverberation mapping relies on fine time sampling, not spatial resolution,
and can probe galaxies at higher redshifts. Thus the same time series analysis techniques used in
BLR reverberation mapping can be applied to study the size and structure of the torus since the
AGN UV/optical continuum is the main source that heats the dust. In order to apply reverberation
mapping to the torus, the torus must abide by the same constraints/assumptions as those for the
BLR (Peterson, 1993, 2013):
1. The continuum is from a source much smaller than the torus, and can be considered a point
source.
2. The observable UV/optical continuum flux drives the variations in the IR emission.
3. The light travel time across the torus must be greater than the cloud response to continuum
variations but must be smaller than the dynamical timescale for the torus (we want the torus
to be essentially static over reverberation observations).
Clavel et al. (1989) studied light curves for the Seyfert 1 galaxy Fairall 9 in the UV, optical, and
IR, and found that they all had similar structure. The variations between the UV and optical were
nearly identical, but the IR light curves lagged the UV and optical with the lag increasing with IR
wavelength. This finding motivated Barvainis (1992) to create a clumpy dust reverberation model
that was able to reproduce the NIR light curves of Fairall 9 but could not distinguish between the
models with different inclinations and opening angles. These early reverberation studies show that
the NIR light curves did indeed follow variations in the UV/optical continuum with lags consistent
with the idea that the NIR emission is from the dust that surrounds the central source and lies
beyond the BLR.
The dust reverberation radius has been measured by monitoring the optical (V-band) and NIR
(K-band) emission for about 20 AGN (e.g. Nelson, 1996; Oknyanskij & Horne, 2001; Minezaki et al.,
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2004; Suganuma et al., 2006; Koshida et al., 2014; Pozo Nun˜ez et al., 2014). The temperature of
dust whose emission peaks in the K-band is close to the dust sublimation temperature, so the
observed dust emission at this wavelength is believed to represent the innermost torus radius.
Figure 1.5 taken from Koshida et al. (2014) shows that the reverberation radii determined for
the BLR are smaller in value than those determined for the torus, and the interferometric radii
for the torus are larger than both. This Figure also shows that the radii determined by dust
reverberation follows a R-L relationship similar to that found from reverberation mapping of the
BLR (Suganuma et al., 2006; Koshida et al., 2014). The difference between the interferometric
radii and reverberation radii estimates for the torus is suggested to be due to the fact that the
former is a flux-weighted estimate while the latter is response-weighted. The reverberation radius
is suggested to provide the better estimate for the inner boundary of the dusty torus (Kishimoto
et al., 2011b; Koshida et al., 2014).
Kishimoto et al. (2007) showed that the innermost torus radii determined using reverberation
mapping were systematically smaller than those based on theory (see Equation 2.1 in next section).
This discrepancy has been variously explained as being due to a higher dust sublimation temper-
ature either from larger dust grain sizes or a hot graphite dust grain component, or anisotropic
emission from the accretion disk. In order to model the NIR bump seen in Type 1 AGN SEDs,
a hot graphite dust component, represented as a blackbody spectrum, typically has to be added
(Mor et al., 2009; Mor & Netzer, 2012). Graphite dust has a higher sublimation temperature than
silicate dust and thus can survive closer to the accretion disk. Although this can reasonably explain
the observed shorter than theory lags, torus models that perform multi-grain component radiative
transfer do not produce the observed NIR bump (Schartmann et al., 2008 and references within).
Alternatively, Kishimoto et al. (2007) suggested that larger grains sizes can explain the smaller
observed radii since the dust sublimation radius varies with grain size as a−
1
2 , where a is the size
of the grain. Another possibility is anisotropic illumination of the torus. Kawaguchi & Mori (2010,
2011) considered a torus model that includes edge darkening of the accretion disk and found that
it produced lags comparable with the observations.
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Figure 1.5: This plot shows the size estimates of the BLR and torus with respect to AGN luminosity
in the V-band. The blue line is the fit of the R-L relationship with a slope of β=0.519 and the blue
data points are the BLR reverberation radii obtained from Bentz et al. (2009). The red circles are
the K-band reverberation radii estimated from Koshida et al. (2014) with the red lines representing
the best fits both with β=0.5. The purple open squares represent the K-band interferometric radii
estimates from Kishimoto et al. (2011b) and Weigelt et al. (2012). The green dots are not of interest
here, but represent the radii of the location of the hot-dust clouds obtained from the SED fitting
of Type 1 AGN reported by (Mor & Netzer, 2012). (Reproduced with permission from Koshida
et al., 2014)
There are two main ways to recover the transfer function and, thus, the torus’ geometrical
and structural properties. The ideal way would be to deconvolve the transfer function from the IR
response. However, this method requires finely and evenly sampled data sets which are very difficult
to achieve through observations. Furthermore, even if the transfer function can be accurately
recovered it is unclear how to disentangle the physical parameters (e.g. Horne et al., 2004). The
second approach is the method we chose to adopt, which is to compute the dust emission response
for a torus whose parameters are inputs for the computer simulation and compare the simulated
results to the observed light curves. Therefore, using the observed AGN optical light curves as
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the “input” signal, my code computes the predicted IR torus responses for a variety of structural
parameters, such as orientation, cloud distribution, and radial depth, that will be directly compared
to the observed IR light curves.
1.4 Dissertation Synopsis
The primary aim of this dissertation project is to understand the response of the thermal dust
emission from the torus to variations in the AGN UV/optical continuum and the key parameters
that influence that response. This chapter summarized some relevant properties of AGN and the
torus, and outlined the technique of reverberation mapping. Chapter 2 will describe the computer
code: TORMAC. Chapter 3 will present the analytical spherical shell transfer functions and re-
sponse functions computed with TORMAC for a torus filled with blackbody clouds for a variety
of torus geometries. In Chapter 4 the radiative transfer response functions will be presented and
discussed for a variety of torus geometries. Chapter 5 will briefly outline of the Spitzer Campaign
and present simulated IR light curves computed using the observed optical light curve from NGC
6418. Finally, the last chapter will summarize conclusions that can be drawn given the analysis
that has been conducted and end with a description future work and goals.
19
CHAPTER 2
DESCRIPTION OF TORMAC
A computer code, TORMAC (TOrus Reverberation MApping Code), has been developed to
study the time response of the thermal dust emission to variations in the AGN UV/optical con-
tinuum with respect to the key parameters that influence the response. TORMAC is based on
the response mapping code of Robinson and collaborators (e.g., Robinson & Perez, 1990; Perez
et al., 1992) and adopts a geometry similar to that used in the CLUMPY torus model described in
Nenkova et al. (2008b).
2.1 Torus Geometry and Structure
The torus is treated as a 3D ensemble of clouds within a flared disk centered on the AGN
(Figure 2.1). The clouds are randomly distributed in spherical polar coordinates (r, β, φ), where
r is the radial distance from the central source, β is the angle measured from the equatorial plane
(i.e., the complement of the polar angle, β = 90◦ − θ) and φ is the azimuthal angle. In the radial
direction the clouds are distributed following a power-law with index p; in φ they are distributed
uniformly; in β they follow either a uniform or Gaussian distribution.
The height of the torus above the mid-plane is defined by the angular width, σ; and the surface
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Figure 2.1: Different torus geometries explored in TORMAC. The image on the left illustrates
the torus geometry with a sharp edge as defined by the angular width, σ. The image on the
right illustrates the torus geometry with a fuzzy edge (clouds are distributed using a Gaussian
above/below the equatorial plane). (Reproduced with permission from Nenkova et al., 2008b;
DOI:10.1086/590483.)
boundary can be defined to be “sharp”, meaning that the clouds are distributed uniformly in cosβ
but confined within the angular width, |β| ≤ σ, or “fuzzy”, meaning that the clouds are distributed
in β according to a Gaussian with width σ and centered on the equator. The angular width, σ, can
range from small values corresponding to a thin disk to σ=90◦, corresponding to a “sphere” when
the edge is sharp. These two different edge configurations are shown in Figure 2.1. The inclination
angle, i, of the torus ranges from 0◦ (face-on) to 90◦ (edge-on) with respect to the observer.
In the radial direction, the number of clouds between r and r + dr from the central source
is represented as dN(r) = N(r)dr = Ao(r/Ro)
pdr ∝ rp, where Ao is the normalization constant
and Ro is the outer radius of the torus. The normalization constant Ao is set by the condition∫ Ro
Rd
Ao(r/Ro)
pdr = N , where N is a free parameter that represents the total number of clouds in
the torus. The cloud number density is given by n(r) = dN(r)f(σ)/(4pir2 sinσdr), where f(σ) = 1
when |β| ≤ σ for the “sharp” case, or f(σ) = exp[−β2/σ2] for the “fuzzy” case. The clouds are
treated as optically thick points with an associated surface area, i.e., we assume that the cloud’s
size, Rcl << r.
The radial extent of the torus is defined by Y = Ro/Ri, where Y is a free parameter and Ri is
the inner radius. In the current version of TORMAC, the inner radius of the torus is taken to be
the closest distance to the AGN at which dust can survive without being destroyed by sublimation.
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This radius, that is the dust sublimation radius (Rd ≡ Ri) assuming an ISM grain mixture, is given
by
Rd ' 0.4
(
LAGN
1045 erg s−1
)1/2(1500K
Tsub
)2.6
pc, (2.1)
where Tsub is the dust sublimation temperature and LAGN is the bolometric luminosity of the AGN
(e.g., Nenkova et al., 2008b).
2.2 Cloud Shadowing
Given the optically thick nature of the clumpy torus within the AGN unified model, there is
a high probability that a given line of sight from the central source passing through the torus is
intercepted by at least one optically thick cloud. Thus, there is a high probability that a given cloud
at radius r within the torus will have its “view” of the central AGN continuum source obstructed,
or “shadowed” by one or more clouds at smaller radii (i.e., closer to the central source). For
instance, Nenkova et al. (2008b) inferred that clumpy torus models require 5–15 clouds along radial
equatorial rays to explain AGN IR SEDs. The shadowed clouds are not directly heated by the
UV/optical continuum. Rather, they are immersed in the diffuse radiation field produced by the
surrounding directly heated clouds. The probability that a cloud at radius r, along a ray at angle
β from the equatorial plane, has an unobstructed view of the central continuum source is given
by P (r, β) ∼ exp [−N (r, β)], where N (r, β) is the average number of interior clouds along the ray
(Nenkova et al., 2008a). The latter quantity is given by
N (r, β) =
∫ r
Rd(β)
n(r′)Acl dr′, (2.2)
where Acl is the cloud cross-sectional area, Acl = piR
2
cl, which we currently assume to be
constant. Note that the dust sublimation radius can be a function of β if the torus is illuminated
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anisotropically, as would be expected if the continuum source is a geometrically thin accretion disk
(see below in Section 2.5). The cloud radius is defined in terms of the average torus volume filling
factor, Φ = NVcl/Vtor, where Vcl and Vtor are the volumes of an individual cloud and the torus,
respectively. Thus, assuming spherical clouds, Rcl = [3ΦVtor/4piN ]
1/3 and the volume of the torus
is Vtor =
4pi
3 sinσR
3
d(Y
3 − 1).
In any given volume element, therefore, the dust emission is determined by the sum of contribu-
tions from n(r)P (r, β) directly heated and n(r)(1− P (r, β)) indirectly heated (shadowed) clouds.
2.3 Cloud Occultation
Dust clouds with optical depth in the V band τV & 10 will be optically thick to emission in the
NIR-MIR wavelengths, i.e., the IR emission from a dust cloud can be intercepted by intervening
clouds along the line of sight to the observer. Thus the IR emission from a dust cloud can be
attenuated along the line of sight to the observer. The amount of attenuation depends on the
number of clouds along the line of sight to the observer and the cloud’s optical depth.
The number of clouds along the line of sight between an emitting cloud and the observer is
determined by the cloud’s position in the torus, Φ, and the radial distribution of clouds (i.e.,
input parameter p). Clouds on the side of the torus furthest from the observer are most likely to
to be occulted. In TORMAC we determine the number of clouds occulting a particular cloud by
calculating whether or not any cloud in between the observer and the cloud of interest is intersecting
on the plane perpendicular to the line of sight.
Assuming spherical clouds with size Rcl (determined by Φ, see Section 2.2), two clouds intersect
when the projected area of intersection, Aocc, is greater than zero. Since all clouds in TORMAC
currently have the same size, then
Aocc = 2R
2
cl arccos
(
dsep
2Rcl
)
− 1
2
dsep
√
4R2cl − d2sep,
where dsep is the distance between the centers of both clouds. Currently in TORMAC we consider
23
Chapter 2. TORMAC
a cloud to be occulted when 50% or more of the cloud’s projected surface area is blocked by an
intervening cloud (i.e., when Aocc ≥ 0.5).
Once the number of occulting clouds, Ncl occ, is determined we then use a discrete version of
equation 5 in Nenkova et al. (2008a) to determine the attenuated cloud flux, Fcl att,λ = Fcl,λe
−tλ ,
where tλ = Ncl occ(1 − e−τλ) and Fcl,λ is the cloud’s emitted flux which will be described in
more detail in Section 2.5. The attenuation becomes independent of wavelength when τλ >> 1,
tλ = Ncl occ; and becomes analogous to a uniform medium in which clouds are the “absorbing
particles” when τλ << 1, tλ = Ncl occτλ. The cloud optical depth at a particular wavelength is,
τλ = τV (Cext,λ/Cext,V ), where Cext,λ and Cext,V are extinction coefficients calculated using the
extinction curves of Weingartner & Draine (2001) and Li & Draine (2001). Note that τλ is scaled
from τV which is a free parameter in TORMAC.
2.4 Calculating the Time Dependent Dust Emission
Given an input light curve the emission spectrum of each cloud is calculated as a function of
time as measured by a distant observer, depending on its location with respect to the isodelay
surface corresponding to the current observer time step. In other words, at time t the distant
observer sees the emission from all the clouds in the torus. However, the emission of an individual
cloud at the current source time ts (i.e., the time at which the light is currently being emitted by
the AGN) is actually responding to the light that was emitted by the source at an earlier time
t′s = ts − (r/c). The observer will see the cloud response after a time delay relative to the optical
continuum t = ts − (r/c) cosα, where α is the angle between the observer’s line of sight to the
central source and the cloud’s line of sight to the central source (see Figure 2.2). Thus, at every
observer time step the luminosity of each cloud is calculated based on the luminosity of the AGN
at time t′s = t − (r/c)(1 − cosα). Note that we are assuming that individual clouds respond on
timescales that are much less than the light crossing time of the torus inner radius.
The power radiated by all individual clouds, at a selected wavelength, is then summed to
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determine the total emission from the distribution of clouds within the torus at a given time.
TORMAC therefore computes the specific luminosity of the torus as a function of observer time at
any wavelength. Hence, it is possible to investigate the shape of the torus’ multi-wavelength transfer
function (response map) with respect to its inclination to the observer’s viewpoint and various
structural parameters including the radial and vertical thickness, and the spatial distributions of
clouds within the torus.
2.5 Dust Emission
The dust clouds within the torus are either heated directly by the UV/optical continuum emit-
ted from the accretion disk or indirectly by the diffuse radiation field produced by the directly
illuminated clouds. Technically clouds that are directly illuminated can also be heated indirectly
by neighboring clouds. However, the indirect heating provides a smaller contribution compared
to when a cloud is directly heated especially at shorter wavelengths and lower temperatures as
described in Nenkova et al. (2008a).
In TORMAC, the illuminating radiation field can be chosen to be either isotropic, or anisotropic,
to approximate emission from an optically thick, geometrically thin accretion disk. In the isotropic
case, the flux incident on a directly illuminated cloud at radius r is simply FAGN = L/4pir
2, thus
the flux absorbed (and reprocessed) by each cloud is dependent only on its distance away from
the AGN. In the anisotropic case, the incident flux is also a function of polar angle; the accretion
disk emits less radiation in the equatorial plane than along the disk axis. We model this “edge
darkening” effect following the prescription of Netzer (1987), FAGN ∝ (1/3) cos θ(1+2 cos θ), where
θ = 90◦ − β is the polar angle. The sublimation radius, in this case, is a function of both polar
angle and distance,
Rd(θ) ' 0.4
(
L(θ)
1045 erg s−1
)1/2(1500K
Tsub
)2.6
pc, (2.3)
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where L(θ) = [sp + (1− sp)(1/3) cos θ(1 + 2 cos θ)]LAGN , and sp < 1 is a “softening” factor, which
we introduce to prevent Rd(θ) going to zero at θ = 90
◦. Clouds closer to the equatorial plane (i.e.,
at larger θ or smaller β values) can reside at smaller radii than is possible for isotropic illumination.
For the simulations presented in this dissertation, sp ranges from 0.01− 0.99.
2.5.1 Directly Heated Clouds
The dust emission from each directly illuminated cloud is determined by using a grid of dust
cloud models that was created for the clumpy torus model described by Nenkova et al. (2008a,b).
This grid was constructed from radiative transfer calculations for a plane parallel slab of dust,
performed with the 1D DUSTY code of Ivezic et al. (1999). In these models, the dust composition
is a standard Galactic mix of 53% silicates and 47% graphites. The dust grain size is defined by the
standard Mathis-Rumpl-Nordsieck (MRN; Mathis et al., 1977) power-law distribution n(a) ∝ a−3.5,
with the grain size, a, varying from 0.005 to 0.25 µm. The dust slab, with optical depth at visual
wavelengths, τV , is illuminated by the AGN continuum, which has a spectral shape represented by a
broken power law (Nenkova et al., 2008a, see equation 13). In order to approximate the emission of
an arbitrarily shaped cloud the model grid consists of dust emission spectra of “synthetic clouds”,
constructed by averaging the slab emission computed with DUSTY over all possible orientations
with respect to the central source (Nenkova et al., 2008a).
The emission spectrum of a cloud within the model grid is determined by the parameters, Tcl,
α, and τV . The cloud model grid spans a range in illuminated surface temperature of 100 ≤ Tcl ≤
1500 K, optical depth of 5 ≤ τV ≤ 150, and cloud orientation, of α =0◦(non-illuminated face
towards observer) to 180◦(illuminated face towards observer). In the simulations presented in this
dissertation, a cloud’s size is determined by Φ and the torus volume as shown in Section 2.2, but
all of the clouds within a particular torus have the same size. Also, all clouds within a particular
torus are considered to have the same optical depth τV , which we vary from 5− 100.
The standard optical depth we use in most simulations, τV = 40, falls within the rather wide
range (20 . τV . 150) inferred from fits to the IR spectral energy distributions of AGN (Nenkova
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Figure 2.2: Illustration of dust cloud orientation with respect to a distant observer. The cloud is
depicted as a slab here for simplicity. The side of the slab facing the observer is illuminated and at
a higher temperature than its non-illuminated side. The orientation of the slab and the side facing
the observer is determined by the angle, α, which is the angle between the source – slab and the
source – observer lines of sight.
et al., 2008b; Asensio Ramos & Ramos Almeida, 2009; Ramos Almeida et al., 2009; Mor et al., 2009;
Ho¨nig & Kishimoto, 2010; Ramos Almeida et al., 2011a; Alonso-Herrero et al., 2014); in clumpy
torus models the SED is not particularly sensitive to τV for values & 20 (Nenkova et al., 2008b). The
flux emitted by a given cloud for a given τV is, therefore, determined by a two-dimensional linear
interpolation in cloud illuminated surface temperature and cloud orientation, λFcl,λ = λFλ(Tcl, α).
The temperature of the illuminated surface of each dust cloud is determined by scaling the
temperature with respect to radius using the analytic approximations derived from Figure 7 in
Nenkova et al., 2008a according to the incident flux based on the cloud’s position and retarded
time,
Tcl(r, θ, t
′
s) '

1500
(
Rd(θ)
r
)0.39 [(
L(t′s)
LAGN
)1/2]1/2.6
Rd(θ)
r ≤ 9
640
(
9Rd(θ)
r
)0.45 [(
L(t′s)
LAGN
)1/2]1/2.6
Rd(θ)
r > 9,
(2.4)
where L(t′s) is the AGN luminosity at the retarded time t′s (see Section 2.4) and LAGN is the
reference AGN luminosity that was used to determine the sublimation radius.
As the clouds are heated directly by the AGN, the side facing the AGN is illuminated and,
thus, at a higher temperature than the non-illuminated side of the cloud. Therefore, the cloud
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emits anisotropically and depending on where it is with respect to the observer the emission of the
cloud will be that of its illuminated or non-illuminated side. Thus, the observed output emission
is dependent on both the distance to the AGN and the angle α between the direction of the lines
of sight of the cloud and the observer from the central source, see Figure 2.2.
The angle α, calculated for each cloud, is a function of the cloud’s position in the torus relative
to the observer. Using the angular coordinates β and φ, and the torus inclination, i,
cosα = cosβ cosφ sin i+ sinβ cos i.
To illustrate the effect of cloud orientation, Figure 2.3 shows the dust emission from both the
illuminated and non-illuminated sides of a cloud at 2.2, 3.6, 4.5, 10, and 30 µm as a function
of the temperature of its illuminated surface. The difference between the illuminated and non-
illuminated sides is highly wavelength-dependent. For example, at 2.2 µm, the flux density emitted
by the illuminated surface is a factor ∼ 100 greater than that from the non-illuminated side at
Tcl = 1500 K, with this ratio decreasing gradually as Tcl decreases. In contrast, the illuminated
and non-illuminated side’s flux densities at 30 µm are almost the same throughout the temperature
range. The effect on the observed emission from a given cloud is analogous to lunar phase: α
determines the fraction of the illuminated surface of the cloud that is visible to the observer. Thus,
at α=180◦, the entire illuminated surface is visible, whereas at α=0◦, only the non-illuminated side
is visible. We henceforth refer to this as the “cloud orientation effect”.
2.5.2 Indirectly Heated Clouds
Clouds that are “shadowed”, i.e., whose line of sight to the central source is blocked by clouds
at smaller radii, are heated “indirectly” by the diffuse radiation emitted by surrounding directly
illuminated clouds. The dust emission in this case is also determined by interpolation in a grid of
radiative transfer models created for the clumpy torus model of Nenkova et al. (2008a,b). As the
heating radiation field is produced by directly heated clouds at the same location and is assumed to
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Figure 2.3: The specific flux, obtained from the pre-computed dust emissivity grid, of a dust cloud at
selected wavelengths as a function of illuminated surface temperature, Tcl. The solid lines represent
the illuminated side (α =180◦) of the cloud and the dashed lines represent the non-illuminated side
(α =0◦).
be isotropic, the dust emission due to indirect heating is a function only of the illuminated surface
temperature (Tcl) of the local directly heated clouds. In practice, the heating radiation field for
a given value of Tcl (equivalent to distance from the AGN, for constant L) was approximated by
angle-averaging the spectra of all directly heated clouds at that value of Tcl over the full range
in α (Nenkova et al., 2008a). Therefore, the dust emission due to indirectly heated clouds at
any given wavelength is determined by a linear interpolation in Tcl, using the value determined in
Equation 2.4.
As pointed out by Nenkova et al. (2008a), this approximation overestimates the diffuse radiation
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field (and therefore, the contribution to the total dust emission from indirectly heated clouds),
because in reality, a given indirectly heated cloud will see only the non-illuminated sides of the
directly heated clouds in the direction of the AGN. We are also implicitly assuming that the light
travel times between clouds are negligible compared with r/c. This is justified in the context of
the local approximation for the diffuse radiation field.
2.5.3 Treatment of Dust Sublimation
As the AGN UV/optical continuum varies in brightness, the innermost dust clouds may reach
temperatures greater than the dust sublimation temperature, causing the dust sublimation radius
to recede as the AGN brightens. Using NIR interferometric data, Kishimoto et al. (2013) studied
5 galaxies at multiple epochs and found evidence for a receding dust sublimation radius in one
case, NGC 4151. Combining these data with previous reverberation mapping observations for this
object, Kishimoto et al. (2013) inferred that the dust was not completely destroyed but eventually
reformed during the phase when the AGN entered a low luminosity state.
The time dependent destruction and reformation of dust clumps is not currently modeled in
detail in TORMAC. Two limiting cases of dust sublimation have been implemented in the current
version: in the first, the cloud surface temperature remains at the sublimation temperature and
the cloud is not destroyed; in the second, the cloud is instantaneously destroyed once it reaches
the sublimation temperature and never reforms. The models presented here assume the first case
where the dust cloud temperature is constrained to a maximum of Tcl ∼1500 K, even when the AGN
continuum luminosity is such that the computed cloud surface temperature exceeds the sublimation
temperature.
An important consequence of this assumption is that because dust clouds are neither destroyed
nor allowed to exceed Tsub, the IR torus response tends to saturate. However, this prescription
is preferred because in reality dust clouds have a large optical depth and exhibit an internal tem-
perature gradient. Thus, only the dust grains on the illuminated surface of the cloud are at Tsub,
and the cloud will be gradually eroded rather than being completely destroyed. The characteristic
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grain survival time is highly dependent on temperature and grain size (Waxman & Draine, 2000;
Lu et al., 2016). The time it will take for a typical grain size of 0.1 µm at 1500 K to sublimate is
about 1000 days. The width of the pulse (∼ 10 days) used for the simulations presented in the next
section is much less than this grain sublimation timescale, so the assumption that clouds survive
is valid for this work. These issues will be addressed in more detail in future work.
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BLACKBODY RESPONSE FUNCTIONS FOR SPHERICAL
SHELLS AND DISKS
3.1 Introduction
The focus of this chapter is to verify that TORMAC works correctly and to establish and
characterize the shape of the torus response to a single, narrow continuum pulse as an approximation
to the transfer function. For these reasons the simulations presented in this chapter are based
on the simplest case of clouds emitting as perfect blackbodies in order to directly compare with
simple analytical transfer functions, and isolate and understand how the geometrical and structural
parameters affect the torus response. Parameters that characterize the torus responses will also
be introduced and their dependence on geometrical parameters will be explored. The wavelength
dependent effects associated with dust radiative transfer, cloud orientation, anisotropic illumination
of the torus, cloud shadowing, and torus self occultation will be explored in the next chapter. The
models presented in this chapter include only directly heated clouds.
Recall that the response of the IR emission to the driving time variability of the AGN UV/optical
continuum can be expressed as the convolution of the UV/optical light curve with a transfer func-
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tion, whose form depends on the geometrical and structural properties of the torus,
L(t) =
∫ ∞
−∞
Ψ(τ ′)Lc(t− τ ′)dτ ′, (3.1)
where τ ′ is an arbitrary delay, Ψ(τ ′) is the transfer function, L(t) is the IR light curve, and Lc(t−τ ′)
is the continuum light curve at an earlier time (Peterson, 1993). The transfer function is considered
to be the response to a delta function input continuum pulse. In TORMAC, we represent the input
pulse as a square wave with a finite amplitude and a duration that is much less than the light
crossing time of the torus inner radius. Thus, the simulations presented here are not exact transfer
functions, but close approximations that we, hereafter, will refer to as “response functions”.
The parameter ranges chosen for the models presented here represent a wide range of geometrical
configurations and cloud distributions. The radial extent of the torus, represented by the ratio
between the outer and inner torus radius, was set to values in the range Y = 2− 50 representing,
respectively, a compact to an extended torus. Several values of the inclination of the torus axis to
the observer’s line of sight were also considered, ranging from i=0◦ (face-on) to 90◦ (edge-on). The
power-law index of the radial cloud distribution has values of p = −2, 0, +2, +4, corresponding to
cloud number density distributions n(r) ∝ r−4-r2, respectively. Finally, the angular width of the
dust distribution was chosen to represent geometries ranging from a thin disk (σ =15◦) to a sphere
(σ =90◦) since the surface boundary is sharp. The parameter values Y =10, i =0, p =0, and σ=45◦
are those used in our “standard” model.
All response functions presented here are the average of 5 simulation runs, each including 50,000
clouds. The luminosity, L(t) for each simulation is normalized, with the quiescent state luminosity,
L(0), subtracted, so that the torus emission in the quiescent state is 0 and its maximum is 1 (i.e.,
L(t)norm =
L(t)−L(0)
(L(tmax)−L(0))). The time delay is normalized to the light crossing time of the entire
torus, i.e. 2Ro/c. These normalizations are applied to all the response function plots in this chapter.
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3.2 Analytical Transfer Function for a Spherical Shell
In order to isolate the effects on the response function shape of the radial extent (Y ) of the torus
and the radial cloud distribution (determined by the power-law index, p), it is useful to consider
the transfer function for a spherical shell containing clouds radiating isotropically as blackbodies. If
the volume emissivity is a power-law function of radial distance from the central continuum source,
ε(r) ∝ rη, the 1D transfer function is given by (Robinson & Perez, 1990; Perez et al., 1992),
Ψ(τ) ∝
 Y
η+2 − 1 τ < 1/Y
Y η+2(1− τη+2) τ > 1/Y,
(3.2)
where τ = ct/2Ro. When η = −2 the transfer function becomes,
Ψ(τ) ∝
 ln(Y ) τ < 1/Yln( 1τ ) τ > 1/Y. (3.3)
The volume emissivity, ε, is the product of the power radiated by a cloud, Lcl, with the cloud
number density distribution, n(r). For blackbody clouds of constant size, the bolometric power is
Lcl = 4piR
2
clσT
4
cl (3.4)
where the cloud temperature is determined by the AGN continuum flux,
T 4cl = (FAGN/4σ) , (3.5)
and, as noted in Section 2.1, n(r) ∝ rp−2. Thus, in this case, the volume emissivity is ε(r) ∝ rη ∝
rp−4.
The spherical shell transfer function is plotted in Figure 3.1 for Y = 2 , 5, and 10, and four
values of p (= −2, 0, 2, 4). As is clear from Equations 3.2 and 3.3, the transfer function is constant
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Figure 3.1: Transfer functions for a spherical shell filled with isotropically emitting blackbody
clouds, calculated using equations 3.2 and 3.3, for Y = 2 (left), 5 (middle), and 10 (right). The
different colors show different volume emissivity distributions, ε(r) ∝ rη ∝ rp−4, for p = −2, 0, 2, 4.
at its maximum amplitude for 0 ≤ τ ≤ 1/Y , that is, within the light-crossing time of the inner
radius in normalized time units ((2Rd/c)/(2Ro/c) = 1/Y ). We will henceforth refer to this segment
of the response as the “core”. At times τ > 1/Y , the transfer function decays with a slope that
is determined by the value of η. Emissivity distributions (or, equivalently in this case, the cloud
number density) that decline more steeply with radius produce steeper decays. Henceforth, we
refer to the decaying segment of the response as the “tail”.
3.2.1 Analytic Descriptive Parameters
As seen in Figure 3.1 the shape of the transfer function changes due to varying geometrical and
structural parameters. Thus it is useful to introduce parameters that characterize and describe the
changes of the shape seen in various transfer functions.
The effective radius of the torus can be characterized by the luminosity-weighted radius (LWR),
which is the first moment, or mean, of the emissivity distribution. This can be calculated analyti-
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cally for a sphere and a flared disk,
LWR =
∫
V rε(r)dV
(2Ro)
∫
V ε(r)dV
=
Rd
2Ro
×

Y−1
lnY p = 1
Y lnY
(Y−1) p = 0
p−1
p
(
Y p−1
Y p−1−1
)
p 6= 1, 0.
(3.6)
The characteristic delay (or lag) of the transfer function, congruent with the lag recovered from
reverberation mapping, is characterized by the response-weighted delay (RWD). The predicted
RWD for a spherical shell (Perez et al., 1992) is determined by evaluating the product of the time
and the response at that time at every time interval from the time that the pulse was emitted
(τ = 0) to the light crossing time of the torus (τ) and dividing by the total transfer function of the
torus; i.e., it is the first moment of the transfer function,
RWD =
∫ 1
0 τΨ(τ)dτ∫ 1
0 Ψ(τ)dτ
=

Y−1
2Y lnY p = 1
lnY
2(Y−1) p = 0
p−1
2Y p
(
Y p−1
Y p−1−1
)
p 6= 1, 0.
(3.7)
Note that there is a simple relationship between the RWD and the LWR, RWD = LWR (Robinson
& Perez, 1990).
Lastly, the overall shape of the torus response function can be simply characterized by the
relative weight, or prominence, of the core. To quantify this, we use the ratio of core area to the
total area of the response function (“core-to-total area ratio”, CTAR). The analytical CTAR for a
spherical shell is
CTAR =
∫ 1
Y
0 Ψ(τ)dτ∫ 1
0 Ψ(τ)dτ
=

Y−1
Y lnY p = 1
lnY
(Y−1) p = 2
p−1
p−2
(
Y p−2−1
Y p−1−1
)
p 6= 1, 2.
(3.8)
Figure 3.2 shows how the descriptive parameters defined above vary with TORMAC input
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Figure 3.2: Analytic descriptive parameters RWD (top panel), RWD/LWR (middle panel) and
CTAR (bottom panel) for a spherical shell filled with isotropically emitting blackbody clouds for
Y = 2− 50. The different colors show different volume emissivity distributions, ε(r) ∝ rη ∝ rp−4,
for p = −2,−1, 0, 1, 2, 3, 4.
parameter Y for different p values. In the top panel, we see that as the outer radius (i.e., Y )
becomes larger relative to the inner radius the RWD decreases. However, the amount of decrease
is dependent on the radial distribution of clouds, for more negative values of p (i.e., more clouds
reside closer to Ri) the RWD decreases more steeply than for more positive values of p.
The middle panel, shows the ratio of the RWD to the LWR as a function of Y . Evidently this
ratio is independent of both Y and p since RWD/LWR = 1. In other words, both the RWD and
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Figure 3.3: Analytic descriptive parameters RWD (top panel), RWD/LWR (middle panel) and
CTAR (bottom panel) for a spherical shell filled with isotropically emitting blackbody clouds for
p = −2 to 4. The different colors show different Y values.
LWR change with Y and p in the same way so their ratio remains constant. Thus the lag recovered
from reverberation mapping (RWD) is a direct measure of the LWR regardless of Y or p for a
spherical shell of dust clouds that emit isotropically like blackbodies.
In the bottom panel, we compare the CTAR with Y . The core area of the transfer function
decreases as Y increases. This is expected since the core width by definition is 1/Y . However, the
ratio of the core area to the total transfer function area decreases more rapidly with increasing p.
Figure 3.3 shows how the descriptive parameters vary with TORMAC input parameter p for
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different Y values. In the top panel, we see that as p becomes more positive (more clouds reside
further from the inner regions of the torus, Rd) the RWD increases. However, the amount of
increase is dependent on Y , larger values of Y yield larger increases in the RWD with more positive
values of p than lower values of Y .
In the middle panel, we compare the ratio between the RWD and the LWR to p. As in Figure 3.2
the ratio of RWD and LWR is independent of both Y and p.
In the bottom panel, we compare the CTAR with p. The ratio of the core area to the total
transfer function area decreases with increasing p, with the core fraction decreasing more rapidly for
larger values of Y . The reason for this behavior (larger changes in RWD and CTAR for larger Y )
is that the radial distribution of clouds has much more effect when the torus is radially extended.
3.3 Spherical Shell Models
This section presents response functions and their descriptive parameters for a spherical shell
computed with TORMAC using clouds that radiate as perfect blackbodies to test the validity of
the code. The shell contains 50,000 clouds, which are distributed uniformly in cosβ. Certain
geometrical and structural parameters of the spherical shell were also varied. The radial extent
of the spherical shell is represented by Y , which was varied to represent, respectively, a compact
(Y = 2, 5), intermediate (Y = 10), or extended (large) (Y = 20, 50) spherical shell. Because we are
modeling a spherical shell the inclination is irrelevant, for this reason all models presented in this
section have only one “inclination”, i = 90◦. The values for the power-law index chosen to explore
the effect of the radial cloud distribution are p = −2, 0, +2, +4. The angular width value chosen
represents a sphere (σ =90◦). The bold-faced values are the values used for the parameters in our
“standard” simulation. Presented here are results for selected combinations of these parameters.
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3.3.1 Energy Conservation
We first verify that energy is conserved in TORMAC simulations by comparing the steady
state luminosity of the spherical shell, Ltor computed by TORMAC to the analytic solution for the
luminosity of the torus with clouds radiating as blackbodies: Lana; for low Φ the two luminosities
should match (Ltor = Lana).
The analytic solution for the torus luminosity, Lana, is determined by integrating the volume
emissivity over the torus volume, Lana =
∫
V εdV =
∫
V n(r)LcldV . For different values of p the
torus luminosity is given by,
Lana =

1
4
(
Rcl
Rd
)2
NLAGN
p+1
p−1
(Y p−1−1)
(Y p+1−1) p 6= −1, 1
1
4
(
Rcl
Rd
)2
NLAGN
p−1
(Y p−1−1)
lnY p = −1
1
4
(
Rcl
Rd
)2
NLAGN (p+ 1)
lnY
(Y p+1−1) p = 1.
(3.9)
Note that this solution assumes that each cloud is directly illuminated by the central source (i.e.,
Φ is very low so that there is a low probability of cloud shadowing). Also, recall that the Rcl is
determined by N and, thus, Φ as described in Section 2.2. If Φ is large, cloud shadowing and
occultation effects become important, so comparison with the simple analytic model breaks down.
Therefore, for comparison, small values of Φ are also used in the TORMAC simulations. The
analytic and TORMAC steady state luminosities for various Y and p parameters are shown in
Table 3.1 for Φ = 0.001, N = 50, 000, and LAGN = 1 × 1045 erg s−1. Based on these results,
TORMAC conserves energy to within 2%.
3.3.2 Response Functions
TORMAC was tested by computing the response of a spherical shell containing blackbody
(BB) clouds to a single, narrow continuum pulse of width ∆t << Rd/c. This case produces an
approximate transfer function, which was then compared to the analytic solution for the 1D transfer
function of a spherical shell (see Equation 3.2).
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Figure 3.4: TORAMC response functions for a spherical shell filled with isotropically emitting
blackbody clouds as pink circles for Y = 2 (left), 5 (middle), and 10 (right). The black line
represents the analytic solution, where the value of η was determined using η = p− 4.
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Figure 3.5: TORAMC response functions for a spherical shell filled with isotropically emitting
blackbody clouds as pink circles for Y = 20 (left) and 50 (right). The black line represents the
analytic solution, where the value of η was determined using η = p− 4.
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Table 3.1: Torus Luminosities
Y p Lana Ltor
(erg s−1)
1.1 0 8.63× 1042 8.63× 1042
2 0 3.63× 1043 3.63× 1043
5 0 9.87× 1043 9.91× 1044
10 0 1.98× 1044 1.96× 1044
-2 7.34× 1044 7.32× 1044
2 5.36× 1043 5.35× 1043
4 3.30× 1043 3.31× 1043
20 0 3.97× 1044 4.05× 1044
50 0 9.92× 1044 9.87× 1044
Figures 3.4 & 3.5 show the simulated response functions for a spherical shell for Y =2, 5, 10,
20, 50 and p = −2, 0, 2, 4. The analytical spherical shell solutions are also plotted in black for
comparison. The TORMAC response functions match the analytic solutions very well. There is
numerical scatter in general in every simulation. This is due to the fact that the observer time
steps are very finely binned and the continuum pulse width is very small. Thus, as the pulse travels
through the torus, the isodelay surface contains relatively few clouds. The scatter is larger in the
Y = 20, 50 and p = 2, 4 cases due to the fact that number of clouds does not change and there is
now a larger torus volume to fill with more clouds in the outer regions of the shell. We attempt to
minimize the numerical scatter by averaging 5 iterations of each simulated case, see Figure 3.6.
3.3.3 Descriptive Parameters
In Figures 3.7 & 3.8, values of descriptive parameters RWD, the ratio RWD/LWR, and CTAR,
computed from the TORMAC response functions are compared with the corresponding values
calculated using the analytical formulae (equations 4.6-4.8) for the spherical shell model. Again we
see in both figures that the parameters computed for the simulated response functions match the
analytic solutions very well. The RWD/LWR ratio deviates from the predicted value of unity by
at most 2%. This is probably mostly due to the finite width of the input pulse.
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Figure 3.6: TORMAC response functions for a spherical shell filled with isotropically emitting
blackbody clouds for Y = 10 and p = −2, 0, 2, 4. The grey lines each represent an individual
iteration (5 total), and the red line represent the average of all the iterations.
3.4 Disk Models
Simulations with respect to a spherical distribution of dust clouds have been explored to verify
that the simulation produces physically reasonable results, but the AGN unification model implies
that the distribution of dust resembles that of a torus, which is represented in TORMAC by a
flared disk. Here we present computed response functions for a disk that are presented for a
range of geometries, orientations, and cloud distributions. Although in reality the edge of the
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Figure 3.7: Response function descriptive parameters for the blackbody spherical shell with respect
to different values of Y comparing different p values. The solid lines represent the analytic solution
and the circles represent the results from simulated response functions from TORMAC. The colors
of the symbols and the solid lines correspond to the p values.
torus is probably better represented as fuzzy (i.e., the Gaussian cloud distribution in β described
in Section 2.1), only the sharp-edged disk models are presented here because we are currently
interested in how torus geometry affects the resulting response functions.
The radial extent of the torus, Y, was varied to represent, respectively, a compact (Y = 2, 5),
intermediate (Y = 10), or extended (large) (Y = 20, 50) torus. The values of the inclination of the
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Figure 3.8: Response function descriptive parameters for the blackbody spherical shell with respect
to different values of p comparing different Y values. The solid lines represent the analytic solution
and the circles represent the results from simulated response functions from TORMAC. The colors
of the symbols and the solid lines correspond to the Y values.
torus axis to the observer’s line of sight were face-on (i = 0◦), at a angle of 15◦, 30◦, 45◦, 60◦, 75◦,
or edge-on (i = 90◦). The values for the power-law index chosen to explore the effect of the radial
cloud distribution are p =−2, 0, +2, +4. The final geometrical parameter tested in this section
was the angular width of the torus; the values chosen represent geometries ranging from a thin
disk to a thick disk (σ =15◦, 30◦, 45◦, 60◦, 75◦). The bold-faced values are the values used for the
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parameters in our “standard” simulation. Presented here are results for selected combinations of
these parameters.
3.4.1 Response Functions
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Sharp vs Analytic Disk, BB: σ=15
Figure 3.9: TORMAC response functions for a torus with σ = 15◦ filled with isotropically emitting
blackbody clouds for p = −2 (green), 0 (blue), 2 (red). The black line represents the analytical
transfer function for a spherical shell with p = 0 for comparison.
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Sharp vs Analytic Disk, BB: σ=45
Figure 3.10: TORMAC response functions for a torus with σ = 45◦ filled with isotropically emitting
blackbody clouds for p = −2 (green), 0 (blue), 2 (red). The black line represents the analytical
transfer function for a spherical shell with p = 0 for comparison.
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Sharp vs Analytic Disk, BB: σ=75
Figure 3.11: TORMAC response functions for a torus with σ = 75◦ filled with isotropically emitting
blackbody clouds for p = −2 (green), 0 (blue), 2 (red). The black line represents the analytical
transfer function for a spherical shell with p = 0 for comparison.
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Figures 3.9, 3.10, and 3.11 present response functions for the sharp-edged disk torus, with
σ=15◦, 45◦, and 75◦ respectively, consisting of clouds radiating as blackbodies. In this case, models
for different values of inclination were also included. These three figures explore the changes in
inclination, radial extent, and radial distribution for a particular disk-like torus geometry. The
analytic spherical shell solution is also plotted for comparison.
In Figure 3.9, new features begin to appear compared to the spherical shell case. First, all of
the response functions with a face-on torus (i = 0) exhibit a delay before the onset of the response.
The observer first sees the pulse from the UV/optical continuum at t = 0. Since the torus is viewed
as face-on with respect the observer, there are no clouds located along the line of sight. Thus, there
are no clouds with a time delay of zero, resulting in an overall delay of the torus emission response
to the pulse of duration ∼ 1/(2Y ).
Second, in the face-on case when p = +2 the response function starts to resemble that of a
spherical shell with a wider core and steeper tail decay. Although the disk is thin, this occurs
because when p = +2, elemental radial shells within the torus resemble annuli with constant
luminosity. In other words, even though the volume emissivity decreases as 1/r2 the number of
clouds per radial shell is increasing by r2. For a thin, face-on disk, the isodelay surface is essentially
a circle, so the response to the continuum pulse propagates through the torus as an expanding
annulus, which has a constant luminosity.
Third, some inclined (i = 45◦) and edge-on (i = 90◦) cases produce a double-peaked response
function. The first peak is due to the emission of the disk on the side nearest to the observer, and
the second peak due to the delayed and smeared emission response from the far side of the disk.
The response functions for a torus of intermediate angular width (Figure 3.10) show similar
features but less pronounced than in the thin disk case. Due to the thickness of the disk in these
examples they appear more smeared and drop-off less rapidly than the thin disk cases. Figure 3.11
presents response functions for a torus with a large angular width and in this case, as might be
expected, the response functions closely resemble the spherical shell response functions. The dips
observed in the core of the response functions are due to the fact that the torus is not quite spherical,
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so we are seeing a very smeared out double-peak.
In all three cases we observe similar behaviors associated with certain torus parameters. For
instance, as the radial distribution power-law index (p) increases (becomes more positive) the
response function tail drops-off less rapidly. Also, the width of the peak of the transfer function is
greater for the compact (Y = 2) torus cases, and decreases with increasing radial extent.
Anisotropic Illumination
Response functions for models that incorporate anisotropic illumination of the torus by the
accretion disk are shown in Figures 3.13 – 3.15 for Y = 2, 5, 10, 20, 50. Also plotted, for comparison,
are the response functions for the corresponding models (having the same geometrical parameters)
with the torus isotropically illuminated, and the analytic spherical shell transfer function. The
torus configurations that correspond to the two illumination cases are illustrated in Figure 3.12,
which shows a vertical slice through the center of the torus. Anisotropic illumination results in
a dust sublimation surface that has a figure eight shape in this slice, which allows dust clouds to
reside closer to the AGN continuum source near the equatorial plane.
The response functions of the face-on anisotropically illuminated tori (Figures 3.13 and 3.14)
exhibit large differences compared to those of the isotropic illumination models, peaking at shorter
delays and in general exhibiting sharper and narrower features. Another major difference is that
although i = 0, the response function exhibits an initial, sharp peak after a short delay and at
later delays a knee (or subdued secondary peak) appears within the core. This occurs because
the innermost clouds are not only the hottest (hence brightest) but are also confined to a smaller
volume (the “waist” of the figure eight) than in the isotropically illuminated torus. Since these
inner clouds are much hotter than the other clouds along the same isodelay surface, the amplitude
of the response function is much higher initially than when it propagates through the rest of the
torus. The later, secondary peak is due to the response of the clouds furthest from the observer
along the anisotropic inner radius of the torus (i.e., clouds with θ & 90◦).
It can be seen in Figure 3.15 that the response functions of the edge-on anisotropically illu-
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Figure 3.12: A vertical slice through the torus cloud ensemble. The black circle represents the dust
sublimation radius for an isotropically emitting point source (purple clouds). These clouds cannot
lie within this radius. However, when the AGN radiation field is anisotropic (green clouds) the dust
sublimation radius is a function of polar angle and resembles a figure eight (red line). In this case,
clouds can reside closer to the source near the equatorial plane than for the isotropic point source.
minated tori are more similar to their isotropically illuminated counterparts in terms of shape.
However, the anisotropically illuminated torus models still exhibit sharper and narrower features.
Albeit, the secondary peak is more suppressed in the response functions of the anisotropically
illuminated torus.
3.4.2 Descriptive Parameters
In Figures 3.16 & 3.17, values of descriptive parameters computed from the TORMAC response
functions of the standard (i.e., σ = 45◦) face-on disk torus are compared with the corresponding
values calculated using the analytical formulae (Equations 3.6− 3.6) for the spherical shell model.
Again we see in both figures that the simulated response functions match the analytic solutions
remarkably well even though the latter are for a spherical shell and the former for a disk. For the
most part, the small differences relative to the analytic solution are due to the systematic offset
due to the finite input pulse width.
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Sharp vs Analytic Disk, BB: i=0,σ=45
Figure 3.13: Response functions for a face-on torus with σ = 45◦ filled with isotropically emitting
blackbody clouds for Y = 2 (left), 5 (center), and 10 (right) and p = −2 (top), 0 (middle), 2
(bottom). The purple and green lines represent a torus that is illuminated either isotropically or
anisotropically, respectively, by the central source. The black line represents the analytic solution
for a spherical shell.
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Sharp vs Analytic Disk, BB: i=0,σ=45
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Figure 3.14: Response functions for a face-on torus with σ = 45◦ filled with isotropically emitting
blackbody clouds for Y = 20 (left) and 50 (right) and p = −2 (top), 0 (middle), 2 (bottom). The
purple and green lines represent a torus that is illuminated either isotropically or anisotropically,
respectively, by the central source. The black line represents the analytic solution for a spherical
shell.
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Figure 3.15: Response functions for an edge-on torus with σ = 45◦ filled with isotropically emitting
blackbody clouds for Y = 2, 5, 10, 20, and 50 and p = 0. The purple and green lines represent a
torus that is illuminated either isotropically or anisotropically, respectively, by the central source.
The black line represents the analytic solution for a spherical shell.
The largest deviations from the analytic solutions occur in the bottom panel where we compare
the core-to-total response function area ratio (CTAR). In these cases, the simulations follow the
same trend of CTAR decreasing with increasing Y in Figure 3.16, and decreasing with increasing
p in Figure 3.17. However, in Figure 3.16, the simulated values when p = −2 are systematically
larger than their analytic spherical counterpart and the simulated values when p = +2 are system-
atically lower than their analytic spherical counterpart. In Figure 3.17, CTAR for the simulated
disk responses decrease more steeply with p as Y increases compared to their analytic spherical
counterpart. These differences arise due to the fact that in the face-on disk case the width of the
core and the response time is smaller than for an inclined disk or sphere, see Figure 3.10.
In Figures 3.18 and 3.19, results of the standard (i.e., σ = 45◦) disk torus from TORMAC for
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Figure 3.16: Response function descriptive parameters for the blackbody standard disk case with
σ = 45◦ with respect to different values of Y comparing different p values. The solid lines represent
the analytic solution for a spherical shell and the circles represent the results from simulated
response functions from TORMAC. The colors of the symbols and the solid lines correspond to the
same p value that was varied.
Y = 2 and 10, respectively, are plotted with respect to p for various inclinations. The analytic
spherical solution is also plotted for comparison. For the most part, both figures show that the sim-
ulated response functions match the analytic solutions very well even though we are now simulating
a disk at various inclinations.
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Figure 3.17: Response function descriptive parameters for the blackbody standard disk case with
σ = 45◦ with respect to different values of p comparing different Y values. The solid lines represent
the analytic solution for a spherical shell and the circles represent the results from simulated
response functions from TORMAC. The colors of the symbols and the solid lines correspond to the
same Y value that was varied.
In Figure 3.18, the RWD for the simulations are systematically larger (albeit only by ∼ 1%
due to the finite pulse width or numerical noise) but have the same slope as the analytic spherical
solution. Also, the RWD essentially does not change at each p value with inclination. The ratio
of RWD to LWR for the simulations is again only 0.02 larger than the analytic solution, i.e.,
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Figure 3.18: Response function descriptive parameters for the blackbody standard disk case with
σ = 45◦ and Y = 2 with respect to different values of p comparing different i values. The black
dashed lines represent the analytic solution for a spherical shell. The colored solid lines and circles
represent the results from simulated response functions from TORMAC. The colors correspond to
the i values.
RWD/LWR=1 at all p and i values to within 2%. Lastly, the CTAR decreases with increasing
p, showing the same trend as the analytic solution for each value of i. However, the CTAR does
change with inclination, decreasing with increasing inclination. This is due to the double-peak
feature of the edge-on disk response functions, causing the core of the response function to have a
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Figure 3.19: Response function descriptive parameters for the blackbody standard disk case with
σ = 45◦ and Y = 10 with respect to different values of p comparing different i values. The black
dashed lines represent the analytic solution for a spherical shell. The colored solid lines and circles
represent the results from simulated response functions from TORMAC. The colors correspond to
the i values.
smaller area (see Figures 3.9– 3.11).
In Figure 3.19, the RWD for the simulations are essentially the same as the analytic solution
for a spherical shell with no difference as inclination increases. The ratio of the RWD to the LWR
again matches the analytic value of 1 to within 2%, and the CTAR follows the general trend of
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the analytic solution. Similar to the Y = 2 cases (Figure 3.18), the CTAR values deviate the most
from the analytic solution albeit the deviations are still small. The major difference, however, is
that slope of the CTAR with respect to p changes with i. The edge-on case has the shallowest
slope in CTAR transitioning from the lowest CTAR value at p < 0 to the largest value for p > 0;
the face-on case has the steepest slope in CTAR transitioning from the highest value at p < 0 to
the lowest for p > 0.
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Figure 3.20: Response function descriptive parameters for the blackbody face-on disk case with
Y = 2 with respect to different values of p comparing different σ values. The solid lines and symbols
represent the results from simulated response functions from TORMAC. The colors correspond to
the same σ value that was varied.
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Figure 3.21: Response function descriptive parameters for the blackbody face-on disk case with
Y = 10 with respect to different values of p comparing different σ values. The solid lines and symbols
represent the results from simulated response functions from TORMAC. The colors correspond to
the same σ value that was varied.
Figures 3.20 and 3.21 show the descriptive parameters for response functions of a face-on disk
torus with Y = 2 and 10, respectively for different values of p and σ. In both cases, barely any
difference is observed between the values of RWD and RWD/LWR at each value of p when σ is
varied. Also, the overall trends of RWD increasing with increasing p, RWD/LWR≈ 1, and CTAR
decreasing with increasing p are seen.
In Figure 3.20, the spread in CTAR due to σ at each p is small, within 0.2, with decreasing
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angular widths corresponding to overall larger CTAR values. As i increases (not shown here) the
difference in CTAR with respect to σ decreases until i = 60◦, and then begin to increase again
(never going beyond 0.2 though). Also, all CTAR values decrease as inclination increases with the
smaller σ values decreasing faster, i.e., CTAR values for σ = 15◦ decrease the most as i increases
(by a factor of ∼ 2).
When Y = 10 (Figure 3.21), we observe the same trend in CTAR, except that the slope of
CTAR with respect to p decreases slightly more rapidly with σ, causing a cross-over in CTAR at
p = 0. Also, the range of CTAR with σ at each p is slightly larger. The RWD when Y = 10
increases more steeply with increasing p than when Y = 2, as well. The change of RWD with Y is
mostly likely due to the slope of the cloud distribution having a larger effect when Y is larger.
Figures 3.22 and 3.23 show the descriptive parameters for response functions of a disk torus
with σ = 45◦ and Y = 2 and 10, respectively for different values of p and i. In both cases, barely
any difference is observed between the values of RWD and RWD/LWR at each value of p when i is
varied. Also, the overall trends of RWD increasing with increasing p, RWD/LWR≈ 1, and CTAR
decreasing with increasing p are seen. Both the RWD and CTAR slopes are steeper when Y = 10
than when Y = 2. Again this change is mostly likely due to the slope of the cloud distribution
having a larger effect when Y is larger.
The difference between CTAR values with respect to inclination at each p decreases with in-
creasing σ (not shown here). The individual CTAR values at each inclination and p decreases with
increasing σ as well. Also, in most cases, higher inclinations correspond to smaller CTAR values
than smaller inclinations. In contrast to the case above when σ was varied, the range of CTAR
values with respect to inclination is smaller at each σ and p when Y = 10 than when Y = 2.
Anisotropic Illumination
Figure 3.24 shows the descriptive parameters of a disk (σ = 45◦) torus for i = 0 or 90◦ and p = 0
at different values of Y, which is illuminated isotropically (blue) or anisotropically (orange) by the
central source. As for isotropic illumination, the RWD is the same for both inclinations when the
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Figure 3.22: Response function descriptive parameters for the blackbody standard disk case with
Y = 2 with respect to different values of p comparing different i values. The solid lines and symbols
represent the results from simulated response functions from TORMAC. The colors correspond to
the same i value that was varied.
torus is anisotropically illuminated. In the latter case, the RWD shows a similar variation with Y ,
but with slightly lower values than for the isotropically illuminated torus. The ratio between RWD
and LWR is, again, essentially 1 for anisotropic illumination.
The CTAR decreases with increasing Y in both cases. However, for the anisotropic illumination
case, CTAR shows a shallower decrease to a higher asymptotic value. This is a result of the generally
peakier response functions that result from anisotropic illumination (Figures 3.13 − 3.14 and 3.15).
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Figure 3.23: Response function descriptive parameters for the blackbody standard disk case with
Y = 10 with respect to different values of p comparing different i values. The solid lines and symbols
represent the results from simulated response functions from TORMAC. The colors correspond to
the same i value that was varied.
The edge-on torus models have consistently lower CTAR values than their face-on counterparts.
Figure 3.25 shows the variations with Y of the descriptive parameters of a disk (σ = 45◦) torus
for i = 0◦ at different values of p when the torus is illuminated isotropically (solid lines and circles)
or anisotropically (dashed lines and stars) by the central source.
Comparing the anisotropically illuminated torus with the isotropically illuminated torus, we see
that the RWD follows similar trends with Y , for each value of p, but with slightly lower values,
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Figure 3.24: Response function descriptive parameters for the blackbody standard disk case that is
either illuminated isotropically or anisotropically by a central source with σ = 45◦ and p = 0 with
respect to different Y values. The blue lines and symbols represent the isotropically illuminated
torus and the orange lines and symbols represent the anisotropically illuminated simulation results
from TORMAC. The lines represent face-on tori and symbols represent edge-on tori.
particularly for more centrally concentrated cloud distributions (p = 0 and −2).
The ratio between RWD and LWR is again essentially 1 for all cases. However, as p decreases
the RWD/LWR values increase slightly for both the isotropically and anisotropically illuminated
tori. As previously noted, this is likely due to the fact that the pulse width is finite.
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Figure 3.25: Response function descriptive parameters for the blackbody standard disk case that is
either illuminated isotropically or anisotropically by a central source with σ = 45◦ and i = 0 with
respect to different Y values and comparing different p values. The solid lines and circles represent
the isotropically illuminated torus, and the dashed lines and stars represent the anisotropically
illuminated simulation results from TORMAC. The colors correspond to the same p value that was
varied.
As for isotropic illumination, the CTAR decreases with increasing Y for all values of p.However,
the change in p is quite small for more negative values of p; indeed, for p =≤ 0, CTAR is essentially
constant for Y ≥ 5. Also, the anisotropically illuminated torus has consistently larger CTAR values
than its isotropically illuminated counterpart.
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3.5 Chapter Summary and Conclusions
In this chapter, we have discussed the analytical solution for the simple case of spherical shell
filled with isotropically-emitting blackbody clouds. In units of the light crossing time 2Ro/c, the
core width of the transfer function when at its maximum is [(2Rd/c)/(2Ro/c)] = 1/Y . Clearly, the
core width becomes greater relative to the overall transfer function as the radial extent of the torus,
Y , becomes smaller. It follows that the length of the tail part of the transfer function is 1− 1Y .
The volume emissivity of the torus is dependent on the radial cloud distribution, as the radial
distribution power-law index becomes more positive the tail decays less steeply. This result is due
to the delayed emission from clouds at large radii.
The basic general features of the spherical shell transfer function, that is a core of duration
< 1/Y , during which maximum amplitude is reached, followed by a decaying tail whose decay rate
is determined by the radial cloud distribution, also appear in the flared disk response functions
although their detailed shapes are also strongly influenced by inclination and angular width.
We also introduce “descriptive parameters” based on the analytical solution for the spherical
shell transfer function, namely the response weighted delay (RWD) and the ratio of the core-
to-total area (CTAR). The RWD, which in principle is equivalent to the lag determined from
cross-correlation analysis, provides a direct measure of the luminosity weighted radius (LWR) of
the shell. The CTAR is a measure of the relative strength of the core component of the transfer
function and is related to its maximum amplitude.
In Section 3.3, we demonstrated that TORMAC conserves energy and produces response func-
tions and descriptive parameters that recover the analytical results for the spherical shell transfer
functions and descriptive parameters, to an accuracy of 1− 2%.
TORMAC was used to compute response functions for a flared disk (representing the torus)
containing isotropically emitting blackbody clouds. These simulations serve to establish the basic
form of the disk response function and its dependence on the parameters that determine the geom-
etry and cloud distribution (namely the radial extent, Y , inclination, i, angular width, σ, and the
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radial cloud distribution, p). The disk response functions show trends in the core width, the length
of the tail, and the slope of the decay tail that are similar to those seen in the spherical shell models.
However, new features characteristic of the disk response were also introduced. These include a
delay before the response onset at face-on inclinations and a double-peaked structure within the
core for more edge-on inclinations. The appearance and prominence of these features in general
depends on p, i, and σ.
Anisotropic illumination of the torus by the central source has a significant affect on the disk
response functions causing them to exhibit sharper, narrower features. In particular, there is a
sharp initial peak, but the second peak seen at higher inclinations for isotropic illumination is
suppressed. Instead a “knee” appears at all inclinations. These changes are due to the clouds along
the equatorial plane residing closer in than the isotropic sublimation radius (i.e., Rd(90
◦) < Rd(0◦),
see Equation 2.3), thus the light crossing time of the anisotropic inner radius is smaller.
The disk response function descriptive parameters, interestingly, are very similar to the an-
alytical spherical shell solutions. Thus, for a dust distribution characterized by angular widths
σ = 15 − 90◦ of isotropically emitting blackbody clouds, we can draw several conclusions. First,
the RWD depends only on Y (decreasing with increasing Y ) and p (increasing with increasing p),
and it is independent of i and σ. Second, the ratio of RWD to LWR is essentially 1 for all cases,
as predicted by the analytical solution for a spherical shell, i.e., RWD and LWR vary in the same
way with respect to changes in Y and p. Third, CTAR depends mainly on Y and p (decreasing as
both parameters increase), but also varies slightly with both σ and i.
Although we saw dramatic changes in the response functions when anisotropic illumination
was introduced, the trends in their descriptive parameters closely follow those of their isotropically
illuminated counterparts. However, the RWD and CTAR have values that are generally lower, or
higher, respectively, for anisotropic illumination than for isotropic illumination.
The results presented in this chapter, for isotropically emitting blackbody clouds provide a
useful benchmark for comparison with the simulations presented in Chapter 4, which will utilize
full radiative transfer solutions for the cloud emission and also incorporate global radiative transfer
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effects. In particular, the blackbody models serve to establish the basic shape of the disk response
function and its dependence on the basic geometrical parameters, Y , σ, and i, as well as the
radial cloud distribution, for cases where the torus is isotropically or anisotropically illuminated
by the AGN. Furthermore, it has been shown that RWD=LWR for all configurations considered
here, even an anisotropically illuminated inclined disk. This implies that for blackbody clouds, the
RWD, which can in principle be obtained from reverberation mapping, provides a direct measure
of the LWR of the dust distribution, regardless of geometry, inclination or cloud distribution. We
can therefore generalize the result obtained by Robinson & Perez (1990) for a spherical shell.
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CHAPTER 4
RADIATIVE TRANSFER RESPONSE FUNCTIONS FOR
SPHERICAL SHELLS AND DISKS
4.1 Introduction
The focus of this chapter is to present and analyze the dust emission response from a clumpy
torus computed using TORMAC. In Chapter 3, TORMAC was tested by comparing response
functions computed for clouds emitting as blackbodies with the analytical transfer functions for a
spherical shell. Models with blackbody clouds were also used to characterize the basic shapes of the
response function for a flared disk, and to establish the dependence of the descriptive parameters
(RWD, the RWD/LWR ratio, and CTAR) on the geometrical and structural parameters that define
the torus (Y , i, σ, and p).
In this chapter, the torus is considered to be composed of dust clouds whose emission is de-
termined using a grid of radiative transfer models as described in Section 2.5. The IR wavelength
dependence on the shape of the response function will be explored; thus we will be showing re-
sponse functions at select IR wavelengths (λ =2.2, 3.6, 4.5, 10, 30 µm). As well as exploring the
wavelength dependence of the dust emission response with respect to the basic geometrical and
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structural parameters considered in Chapter 3, we will also investigate the effects of cloud orienta-
tion (Section 2.5), cloud shadowing (Section 2.2), and cloud occultation (Section 4.7), which arise
from the high optical depths of the clouds. As the AGN central source is a generally assumed to be
a geometrically thin, optically thick accretion disk, we will also consider the effects of anisotropic
illumination of the torus. In order to fully understand the effects of each these processes on the
dust emission response, they will be introduced and explored one at a time.
The parameter values chosen for the models presented here are as follows. The radial extent of
the torus ranges from Y = 2−50 representing a compact to an extended torus. Many values of the
inclination of the torus axis to the observer’s line of sight were also considered, from i=0◦ (face-on)
to 90◦ (edge-on). The power-law index of the radial cloud distribution has values of p = −2, 0, 2,
4, corresponding to cloud number density distributions n(r) ∝ r−4-r2, respectively. The angular
width of the dust distribution was chosen to represent structures ranging from a thin disk (σ =15◦)
to, in the case of a sharp edge, a sphere (σ =90◦).
In this chapter we will also explore new parameters. The optical depth of the dust clouds will
be varied to represent moderately (τV = 5) to extremely optically thick clouds (τV = 100). The
softening parameter, sp, will be varied from 0.1−0.99 to represent varying degrees of anisotropic
emission from the accretion disk. The effects of clouds either being shadowed from the central
source by inner clouds or occulted with respect to the observer’s line of sight, or both will be
explored by varying the volume filling factor over the range Φ =0.001-0.1.
The parameter values used in our “standard” model are Y = 10, i = 0◦, p = 0, σ = 45◦, and
τV = 40.The softening parameter has the standard value of sp = 1 for all models where the torus is
illuminated isotropically, and sp = 0.1 for all models where the torus is illuminated anisotropically.
The volume filling factor has a notional value of Φ = 0.1 for all models which do not include cloud
shadowing or occultation, but this parameter has no effect on the response functions, or descriptive
parameters. For models that do include these effects, we adopt the intermediate value of Φ = 0.01,
as the standard value.
Recall that all response functions are the average of 5 simulation runs, each including 50,000
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Figure 4.1: Simulated response functions using the pre-computed dust emissivity grid for a spherical
dust distribution with isotropic cloud emission, Y=10, and p=0 at various wavelengths. In the left
panel, the simulations are compared to the analytic spherical case for blackbody clouds (solid black
line). In the right panel, the simulations are normalized to the maximum value at 2.2 µm in order
to show the relative amplitude at different wavelengths.
clouds. The response functions are normalized to their respective maximum values, with the qui-
escent state luminosity subtracted, so that the response amplitude varies between 0 and 1 (unless
otherwise noted). Time is expressed in units of the light crossing time of the torus outer radius,
i.e. 2Ro/c.
4.2 Spherical Shell Models
Before we consider disk models in detail, it is also of interest to compare the torus responses
at different wavelengths, for simulations in which the cloud emission is derived from the radiative
transfer model grid, with the corresponding analytical transfer function for blackbody clouds. As
a reference, for comparison with the TORMAC response functions presented below, spherical shell
transfer functions corresponding to the same values of Y and p are plotted in Figure 4.1.
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4.2.1 Response Functions for Dust Emission
The left panel of Figure 4.1 compares the TORMAC response function at several specific wave-
lengths (2.2, 3.6, 4.5, 10, and 30 µm) to the analytic solution for a spherical shell with Y = 10 and
p = 0. To facilitate comparison with the analytic transfer function, the cloud orientation effect is
not included in the TORMAC models plotted here (i.e., the dust cloud emission is isotropic).
The TORMAC response functions exhibit the same overall shape as the analytical blackbody
case. However, the steepness of the decay tail varies with wavelength and, in general, no longer
follows the blackbody transfer function for the corresponding volume emissivity power law index
derived above (η = p− 4). The luminosity of a cloud in this case is not simply proportional to r−2,
but is dependent on the shape of the dust emissivity curve at that wavelength (Figure 2.3). For
example, at longer wavelengths, the dust emissivity is less sensitive to the cloud surface temperature,
which in turn results in a slower decline with radius in the volume emissivity of the cloud ensemble.
Thus the decay of the response function tail becomes shallower as wavelength increases.
The right panel of Figure 4.1 shows the same response functions, but in this case normalized to
the maximum value of the 2.2 µm response function in order to compare the change in amplitude
at the different wavelengths. At short delays, . 1/Y , the response amplitudes are much larger at
shorter wavelengths, at which the emission is dominated by the hotter, inner clouds. The emission
at longer wavelengths from the cooler, outer clouds is more important at longer delays ≥ 1/Y .
Thus the hotter dust has more influence on the response at shorter delays, with the cooler dust
taking over at longer delays.
4.2.2 Descriptive Parameters for Dust Emission
Figure 4.2 shows the wavelength dependence of the descriptive parameters for a spherical shell
that contains dust clouds that emit isotropically. The equivalent analytic solution for a spherical
shell with the same geometrical parameters (Y=10, p=0, and σ = 90◦) and assuming bolometric
blackbody emission is also plotted for comparison as a black horizontal line. As can be seen in the
top panel, the RWD increases with increasing wavelength. The shallower slopes of the response
73
Chapter 4. Radiative Transfer RF Results
0 5 10 15 20 25 30 35
λ(µm)
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
R
W
D
Sphere: i=90, sig=90
0 5 10 15 20 25 30 35
λ(µm)
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
R
W
D
/L
W
R
0 5 10 15 20 25 30 35
λ(µm)
0.30
0.35
0.40
0.45
0.50
0.55
0.60
a
re
a
 c
o
re
/t
o
ta
l 
a
re
a
λ=2
λ=3.6
λ=4.5
λ=10
λ=30
analytic
Figure 4.2: Response function descriptive parameters for a spherical shell filled with isotropically
emitting dust clouds with Y=10 and p=0 at select wavelengths. The colored circles represent the
different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The black line represents the analytic solution
for a spherical shell with blackbody clouds.
function tail decay at longer wavelengths cause this increase in the RWD.
In the middle panel, it can be seen that the ratio of the RWD to the LWR is greater than 1
at every wavelength, in contrast to the analytical model and, indeed, the TORMAC models for
isotropically emitting blackbody clouds. However, the RWD≈LWR to within 20%. This is probably
due to saturation of the cloud emission resulting from the treatment of dust sublimation currently
implemented in TORMAC.
In the bottom panel, the CTAR decreases with increasing wavelength. Again this can be
explained by the dust emissivity’s effect on the response at a particular wavelength. Since the
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tail decays less steeply at longer wavelengths, the core area decreases with increasing wavelength
relative to the total area under the response function curve.
Broadly speaking, the change in the response function at different wavelengths is congruent to
changing the parameter p. At longer wavelengths, the dust cloud emissivity is less sensitive to its
illuminated surface temperature and therefore decreases more slowly with radius, which mimics
the effect of increasing p. As the wavelength increases the RWD and, thus, the effective radius of
the torus at that wavelength increases as well. Likewise, as the wavelength increases the CTAR
decreases.
In general, the torus IR emission will respond to AGN optical/UV continuum variations more
rapidly (with a shorter lag) and with a larger amplitude at short wavelengths than at longer
wavelengths.
4.3 Disk models: General Features of the Response
The simulations for a spherical distribution of dust clouds discussed above serve to illustrate the
basic wavelength dependence of the dust emission response. Here, we present response functions for
different flared disk geometries (σ = 15, 30, 45, 60, 75◦) representing the torus. In addition, we will
also explore response functions for the more realistic “fuzzy” torus models (clouds are distributed
in altitude above the disk plane following a Gaussian in β). However, we will adopt the sharp-edged
disk geometry as the standard case, for simplicity.
The cloud orientation effects described in Section 2.5.1 are a direct result of radiative transfer
in the dust clouds and are therefore automatically included in most of the models presented in this
Chapter (Sections 4.4−4.8). These should be regarded as the most realistic cases. However, for
comparison, and in particular to highlight the effects of cloud orientation, we present response func-
tions for models which do not include this effect, particularly in this section and Section 4.4. These
cases utilize notional “isotropically emitting” clouds, whose emission is computed by averaging the
fluxes from the illuminated (α = 180◦) and non-illuminated surfaces (α = 0◦).
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Figure 4.3: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 2.2 µm. The pink lines represent the models with blackbody clouds and the red
lines represent the radiative transfer models without cloud orientation. The black line represents
the analytic transfer function for a spherical shell.
4.3.1 Response Functions
Here we briefly comment on the general features of the disk response function at selected wave-
lengths with respect to inclination and radial extent. For this purpose, it is useful to consider the
case where the torus is illuminated isotropically and the clouds emit isotropically (i.e., cloud orien-
tation is neglected). The differences that arise as a result of cloud orientation effects, anisotropic
illumination, cloud shadowing, and cloud occultation will be discussed in the following sections.
Figures 4.3- 4.7, show the response functions for Y =2 and 10, p =0, σ=45◦, and i =0, 45, and
90◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm, respectively. Also plotted for comparison are the
corresponding response functions for blackbody clouds and the analytical transfer function for a
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Figure 4.4: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 3.6 µm. The pink lines represent the models with blackbody clouds and the red
lines represent the radiative transfer models without cloud orientation. The black line represents
the analytic transfer function for a spherical shell.
spherical shell with the same values of Y and p.
Similar to the spherical shell, the disk response functions achieve maximum amplitude for delays
τ . 1/Y , and decay at later times τ & 1/Y , with the decay tail usually being shallower at longer
wavelengths (i.e., 10 and 30µm) than at shorter wavelengths (i.e., 2.2, 3.6, and 4.5 µm) (this is
most evident for Y = 10).
For the most part, the response functions for dust clouds and blackbody clouds are very similar,
exhibiting the same distinctive disk features. In particular, the response function is not constant
at its maximum amplitude for delays 0 ≤ τ ≤ 1/Y , but the form of the response during this period
depends on inclination. For a face-on torus (i = 0◦), the response functions exhibit a delay before
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Figure 4.5: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 4.5 µm. The pink lines represent the models with blackbody clouds and the red
lines represent the radiative transfer models without cloud orientation. The black line represents
the analytic transfer function for a spherical shell.
the onset of the response, which occurs at τ = (1 − sinσ)/(2Y ). This results from the fact that
there are no clouds within a cone of opening half-angle 90◦ − σ, aligned with the observer’s line of
sight.
Also, at large inclinations, the disk typically exhibits a double peaked response function. Recall
that this feature appears because the isodelay surface intersects fewer clouds as it passes through the
cavity at the center of the torus. Therefore, the time delay between the peaks is largely determined
by the light crossing time of the inner radius of the torus. For edge-on tori (i = 90◦), the separation
between the peaks is ≈ 1/Y . The first peak has a higher amplitude and is due to the emission of
clouds on the side of the disk nearest to the observer. The second, lower amplitude peak is due
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Disk 10µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure 4.6: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 10 µm. The pink lines represent the models with blackbody clouds and the red
lines represent the radiative transfer models without cloud orientation. The black line represents
the analytic transfer function for a spherical shell.
to the delayed and smeared emission response from the far side of the disk. The double peaks are
not seen for i = 45◦ because the disk is relatively thick in this model (σ = 45◦). Thus, at this
inclination there are still many clouds on the isodelay surface as it passes through the inner torus
cavity, so there is a gradual increase in the response rather than a strong initial peak.
The main difference between the response functions of disk tori being composed of blackbody
clouds or isotropically emitting dust clouds is that the blackbody response functions tend to be
narrower. The response functions of tori composed of dust clouds become wider and the decay tail
less concave as wavelength increases due to the shallower slopes of the dust emissivity at longer
wavelengths.
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Figure 4.7: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 30 µm. The pink lines represent the models with blackbody clouds and the red
lines represent the radiative transfer models without cloud orientation. The black line represents
the analytic transfer function for a spherical shell.
4.3.2 Descriptive Parameters
Figure 4.8 shows the response function descriptive parameters for Y =2 and 10, p =0, σ=45◦,
and i =0 , 45, and 90◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm as the colored circles. The
analytic solution for a spherical shell filled with blackbody clouds is also plotted for comparison
in black. Recall that the descriptive parameters for a disk composed of blackbody clouds matched
the analytic spherical solutions very well, now we are going to see how the emission of dust affects
the descriptive parameters.
On the top panel, we see that the RWD does changes only slightly for each Y as the inclination
increases. Also, the RWD decreases with increasing Y just like the blackbody sphere and disk
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Figure 4.8: Response function descriptive parameters for various simulation runs for an isotropically
illuminated torus with σ = 45◦ filled with isotropically emitting dust clouds with respect to different
values of Y at select wavelengths. Each column represents the parameters when i = 0◦ (left), i = 45◦
(middle), and i = 90◦ (right). The colored circles represent the different wavelengths (2.2, 3.6, 4.5,
10, and 30 µm). The black line represents the analytic solution for a spherical shell with blackbody
clouds.
cases. One major difference is that the RWD is larger at every wavelength for Y=2 and Y=10
(except at 2.2 µm) compared to the blackbody cases. The RWD values also tend to increase with
wavelength, but the range of RWD is larger for Y =10 than when Y =2 since only a narrow range
in RWD is possible for the compact disk.
In the middle panel, the ratios of the RWD and the LWR are larger than 1 for all wavelengths
and both values of Y, and vary slowly with inclination. However, the values at each wavelength
increase with increasing Y and the range of values is larger for Y = 10. The larger RWD/LWR
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may be due to saturation effects resulting from the treatment of dust sublimation, or due to the
changes in dust emissivity which deviates from the simple power law used in the analytical model.
In the former case, clouds at the inner radius have a temperature of 1500 K. When the pulse
travels through the torus these clouds should increase in temperature, however, in TORMAC,
they are restricted to 1500 K so as to not exceed the sublimation temperature (see Section 2.5.3).
Because the clouds near the inner radius do not increase in temperature as the pulse travels through
the torus the response of these clouds “saturates”, causing the response function amplitude to be
lower and more smeared out than it would be otherwise. On the other hand, the LWR is calculated
during the quiescent state (before the pulse travels through) so it is not affected by saturation,
which is why the RWD is larger than the LWR. Due to the larger temperature differences within
the larger Y = 10 torus saturation has more of an affect than in the Y = 2 case.
Lastly, in the bottom panel the CTAR is shown to decrease with increasing Y as in the blackbody
cases. Also, similar to the blackbody disk case the CTAR changes with inclination, decreasing at
all wavelengths for Y=2 and at λ =2.2, 3.6, 4.5 µm for Y=10 as the inclination increases. However,
the CTAR increases when Y=10 for λ =10, 30 µm as the inclination increases. The slight increase
is due to the shallower dip within the core for i = 90◦ at these wavelengths.
To reiterate, the differences in the variation with radius of the dust cloud emission with respect to
wavelength affect the response functions in a similar way as varying p does. At shorter wavelengths
(and lower values of p) the response functions tend to have shorter RWD and larger CTAR than at
longer wavelengths (and more positive values of p). Also, both the RWD and the CTAR decreases
with increasing Y .
For the most part, the RWD and RWD/LWR are independent of i, just as in the blackbody
models. However, there are larger differences in RWD and CTAR with wavelength (hence lag and
response amplitude) for the radially extended torus because of the larger gradient in cloud surface
temperature within the torus.
To avoid repetitive descriptions of the same effects and characteristics for every response function
and descriptive parameter plot, only the “new” or different effects will be discussed henceforth.
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Disk 2.2µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure 4.9: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 2.2 µm. The blue lines represent the models with cloud orientation and the
red lines represent models without cloud orientation for comparison. The black line represents the
analytic transfer function for a spherical shell.
4.4 Disk Models: Effects of Cloud Orientation
4.4.1 Response Functions
Variation with i and select Y
As discussed in Section 2.5.1, because of the temperature gradient between the illuminated
and non-illuminated sides, the flux observed from any cloud is a function of its position angle, α,
which in turn is determined by the cloud’s location within the torus. Figures 4.9- 4.13 compare the
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Disk 3.6µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure 4.10: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 3.6 µm. The blue lines represent the models with cloud orientation and the
red lines represent models without cloud orientation for comparison. The black line represents the
analytic transfer function for a spherical shell.
response functions for tori that include this cloud orientation effect to those for tori in which the
clouds are “forced” to emit isotropically (as described in Section 4.3).
This cloud orientation effect has a dramatic influence on the response function at short wave-
lengths, where the emission from the illuminated side is much stronger than from the non-illuminated
side (see Figure 2.3). The clouds on the near side of the torus, which respond after shorter delays,
present a larger fraction of their cooler (hence fainter), non-illuminated sides to the observer. As
a result, the response function is suppressed at short delays for all inclinations, so that the peak
amplitude is reached at later times than is the case when cloud orientation is neglected (torus is
composed of isotropically emitting clouds). This effect can be seen in the 2.2-4.5 µm response
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Figure 4.11: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 4.5 µm. The blue lines represent the models with cloud orientation and the
red lines represent models without cloud orientation for comparison. The black line represents the
analytic transfer function for a spherical shell.
functions presented in Figures 4.9− 4.11. At i = 90◦, for example, the initial response function
peak has a much lower amplitude than the second peak when cloud orientation is included.
However, while the response function is strongly modified by cloud orientation at these short
wavelengths, the effect is much weaker at longer wavelengths (> 10µm), at which the clouds emit
almost isotropically (Figure 2.3). As can be seen in Figures 4.12 and 4.13, cloud orientation has little
effect on the response functions at 10 and 30 µm. An interesting consequence of this wavelength
dependence is that the response function actually reaches its maximum after a shorter delay at
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Figure 4.12: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 10 µm. The blue lines represent the models with cloud orientation and the
red lines represent models without cloud orientation for comparison. The black line represents the
analytic transfer function for a spherical shell.
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Figure 4.13: Response functions for an isotropically illuminated torus with σ=45◦; Y=2, 10; p=0;
and i=0, 45, 90◦ at 30 µm. The blue lines represent the models with cloud orientation and the
red lines represent models without cloud orientation for comparison. The black line represents the
analytic transfer function for a spherical shell.
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wavelengths > 10µm than at wavelengths < 10µm.
Variation with p
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Figure 4.14: Response functions for an isotropically illuminated torus with σ=45◦ and Y=10 at
3.6 µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different p value increasing from left (p = −2) to right (p = 4). The blue lines
represent a torus filled with dust clouds that emit anisotropically (i.e., including cloud orientation),
the pink lines represent a torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
With the exception of models in which the clouds emit as blackbodies, all models presented
hereafter include the cloud orientation effect, that is the clouds emit anisotropically. Figures 4.14-
4.15 present, respectively, response functions at 3.6 and 30 µm for an isotropically illuminated torus
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Figure 4.15: Response functions for an isotropically illuminated torus with σ=45◦ and Y=10 at 30
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different p value increasing from left (p = −2) to right (p = 4). The blue lines
represent a torus filled with dust clouds that emit anisotropically (i.e., including cloud orientation),
the pink lines represent a torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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with Y = 10 and σ = 45◦ for different values of p and i. The corresponding bolometric response
functions for isotropically emitting blackbody clouds are also plotted, for comparison. Similar
figures for the other wavelengths can be found in the Appendix (Figures A.1- A.3). In these and
subsequent figures, the blackbody models serve to illustrate the effects of p (or other parameters)
in isolation from the effects associated with radiative transfer in the clouds.
Similar to the blackbody case, as p increases the response function tail becomes less shallow.
Also, as λ increases the tail decays more slowly as well.
However, at short wavelengths (λ =2.2, 3.6, 4.5 µm) the response functions differ greatly from
the blackbody cases due to both their non-power law dust emissivity slopes and cloud orientation.
The response at short delays is suppressed due to cloud orientation. The most extreme differences
occur at larger inclinations and larger p values. For instance, in Figure 4.14 when p = 4 the
suppressed response at shorter delays coupled with the larger p value and slightly shallower tail
response that occurs at 3.6 µm causes the response to peak at delays well beyond the peak for
the blackbody disk cases. This difference increases as inclination increases because at i = 90◦
the observer sees the extremes of the non-illuminated side of the clouds (lower dust emissivity)
responding first followed by clouds whose illuminated side (higher dust emissivity) is responding.
At longer wavelengths, the shape of the response functions resemble their blackbody counterpart
more. However, the response function tails are more shallow due to the shallower dust emissivity
slopes for longer wavelengths. Also, recall, that at these wavelengths the differences between the
illuminated and non-illuminated sides decrease as wavelength increases. Thus cloud orientation has
less of an effect for longer wavelengths (namely at 30 µm), so the response functions resemble the
blackbody response functions more.
Variation with σ and torus surface boundary
Figures 4.16- 4.18 show the response functions of an isotropically illuminated sharp-edged torus
filled with clouds that include cloud orientation and compare those to their blackbody torus coun-
terpart for different values of σ and i. Also, plotted are the equivalent response functions for a
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Figure 4.16: Response functions for an isotropically illuminated torus with p=0 and Y=10 at 3.6
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different σ value increasing from left (σ = 15◦) to right (σ = 75◦). The blue
lines represent a sharp-edged torus and the orange lines represent a fuzzy-edged torus both of which
are filled with dust clouds that emit anisotropically (i.e., including cloud orientation). The pink
lines represent a sharp-edged torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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Figure 4.17: Response functions for an isotropically illuminated torus with p=0 and Y=10 at 4.5
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different σ value increasing from left (σ = 15◦) to right (σ = 75◦). The blue
lines represent a sharp-edged torus and the orange lines represent a fuzzy-edged torus both of which
are filled with dust clouds that emit anisotropically (i.e., including cloud orientation). The pink
lines represent a sharp-edged torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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Figure 4.18: Response functions for an isotropically illuminated torus with p=0 and Y=10 at 30
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different σ value increasing from left (σ = 15◦) to right (σ = 75◦). The blue
lines represent a sharp-edged torus and the orange lines represent a fuzzy-edged torus both of which
are filled with dust clouds that emit anisotropically (i.e., including cloud orientation). The pink
lines represent a sharp-edged torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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fuzzy-edged isotropically illuminated torus with clouds that include cloud orientation. The figures
for the other wavelengths can be found in the Appendix (Figures A.4- A.5).
Focusing on the effects of σ first, Figure 4.16 shows that there is barely any difference in the
response functions at each inclination as σ increases, with only the effects of cloud orientation
increasing as σ increases, causing the response function core to smear out as σ increases and the
response at shorter delays to be more suppressed. As σ increases, the blackbody response functions
approach a response similar to a spherical shell, but because of cloud orientation effects the dust
emission response functions retain a peaked structure at shorter wavelengths.
An interesting feature at 4.5 µm (see Figure 4.17) occurs when i = 90. The response function
transitions from the maximum peak occurring at shorter delays when the non-illuminated side of
the clouds dominate the response to the maximum peak occurring for the clouds whose intermedi-
ate/illuminated side is facing the observer as σ increases. This occurs because the thin disk case
has less clouds with intermediate α values, half of the clouds have their non-illuminated side (i.e.,
small values of α) facing the observer and the other half of the clouds have their illuminated side
(i.e., large values of α) facing the observer. As σ increases there are more clouds with intermediate
α values smearing out the double peak response and, due to the illuminated side of the cloud having
a larger dust emissivity, weighing the maximum response of the torus to larger delays.
At longer wavelengths the clouds emit more isotropically (have less of a cloud orientation effect).
The responses look much more similar to their blackbody equivalent models however they are more
smeared out and have shallower tail decays.
Now focusing on comparing the torus surface edge, there appears to be very little difference
in the response functions for tori that have a sharp edge compared to the tori with a fuzzy edge.
The differences between the 2 responses increase as wavelength increases and at large inclinations,
where the fuzzy-edge torus responses appear slightly more smeared out, mainly just filling in the
dip between the peaks in the core at i = 90◦. This occurs due to clouds residing at β > σ causing
the cones of opening half-angle 90◦−σ that used to be devoid of clouds to fill up more as σ increases.
94
Chapter 4. Radiative Transfer RF Results
Variation with Y
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Figure 4.19: Response functions for an isotropically illuminated torus with σ=45◦; p=0; i=90◦; and
Y=2, 5, 10, 20, 50 at 3.6µm. The blue lines represent the models that include cloud orientation,
the orange lines are for the models with blackbody clouds, and the black line is the analytic transfer
function for a spherical shell.
Figures 4.19- 4.20 show the response functions of an isotropically illuminated torus filled with
clouds that include cloud orientation (blue) and compare those to their blackbody torus counterpart
(orange) for different values of Y at i = 90◦. The figures for the other wavelengths can be found in
the Appendix (Figures A.6- A.8).
Other than the core width decreasing as Y increases the general shape of the response functions
as Y increases remains the same. As before, the response of the tori with cloud orientation becomes
less suppressed at shorter delays and more suppressed at longer delays within the core as wavelength
increases.
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Figure 4.20: Response functions for an isotropically illuminated torus with σ=45◦; p=0; i=90◦; and
Y=2, 5, 10, 20, 50 at 30µm. The blue lines represent the models that include cloud orientation, the
orange lines are for the models with blackbody clouds, and the black line is the analytic transfer
function for a spherical shell.
Variation with τV
A very important parameter that can effect emission of dust clouds with respect to wavelength
and in particular, the degree to which the emission is anisotropic is the cloud optical depth, τV .
Figures 4.21- 4.22 show the response functions at 3.6 and 30 µm, respectively, for an isotropically
illuminated torus with Y = 10, p = 0, σ = 45◦, and i =0, 45, 90◦, while varying τV (5, 10, 20, 30,
40, 100). Figures for the other wavelengths can be found in the Appendix (Figures A.9- A.11).
As expected changing the optical depth of a dust cloud has a greater affect on the emission
of the cloud at shorter wavelengths. When the optical depth is small, the response of the core at
shorter delays is less suppressed as the clouds emit more isotropically (i.e., orientation of the clouds
has less of an effect on the dust emission). Increasing the optical depth causes the difference in
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Figure 4.21: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5, 10, 20, 30, 40, 100 at 3.6 µm. All models include cloud orientation. The
blue lines represent τV =5 (left column), 20 (center column), 40 (right column) and the purple lines
represent τV =10 (left column), 40 (center column), 100 (right column).The black line represents
the analytic transfer function for a spherical shell.
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Figure 4.22: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5, 10, 20, 30, 40, 100 at 30 µm. All models include cloud orientation. The
blue lines represent τV =5 (left column), 20 (center column), 40 (right column) and the purple lines
represent τV =10 (left column), 40 (center column), 100 (right column).The black line represents
the analytic transfer function for a spherical shell.
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emission between the illuminated and non-illuminated faces to increase. The difference between
the two faces is dependent on the wavelength and optical depth.
As wavelength increases the change in the response function with optical depth decreases as
well. Even at higher values of τV , the clouds remain optically thin at longer wavelengths, thus as
seen in Figure 2.3, the emission of the dust cloud at 30 µm is essentially the same on the illuminated
and non-illuminated sides. For this reason, no difference is seen in the response function at 30µm
when the optical depth is changed.
Thus, the clouds become optical thick when τV ∼ 10 at 2.2 µm (i.e., τ2.2 > 1), so there is not
much change in the response function for τV > 10. Similarly at 3.6 µm, clouds become optically
thick for τV > 20, while at 10 µm, this also occurs at τV & 10 (because of the Silicate feature) but
at 30µm, clouds don’t become optically thick until τV & 60.
4.4.2 Descriptive Parameters
Variation with i
Figure 4.23 shows the response function descriptive parameters for Y =10, p =0, σ=45◦, and
i =0 , 45, and 90◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The colored circles and solid lines
represent the results from simulations including cloud orientation. Also plotted for comparison are
the results from the simulations without cloud orientation (stars and dashed lines) and the analytic
solution for a spherical shell filled with blackbody clouds is in black.
Recall that in the blackbody sphere and disk case, as well as the radiative transfer simulations
without cloud orientation the RWD did not change with inclination. The top panel of Figure 4.23
shows that when cloud orientation is included all of the RWD at each wavelength increases with in-
creasing inclination. In general, the slopes of the change of RWD with inclination become shallower
as wavelength increases. Also, the values of the RWD for the simulations with cloud orientation
are all larger than the analytic solution and their non-cloud orientation equivalents. Furthermore,
the RWD is larger in value as wavelength increases except for the 4.5 µm which has a slightly lower
RWD than at 3.6 µm (probably due to a combination of weaker cloud orientation effects at 4.5 µm
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Figure 4.23: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦ filled with isotropically emitting dust clouds as stars and dashed lines compared to a torus
filled with anisotropically emitting dust clouds as circles and solid lines with respect to different
values of i at select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10,
and 30 µm). The black line represents the analytic solution for a spherical shell with blackbody
clouds.
and similar radial emissivity variation in the torus for both wavelengths).
In the middle panel, the ratio between the RWD and LWR increases with increasing i, and the
values are greater than 1 (the analytic solution) and their non-cloud orientation counterpart. This
rise in RWD/LWR tells us that the RWD increases with inclination faster than the LWR. Since
the increase is steeper as wavelength decreases, this affect appears to be the effect of dust emission
anisotropy. Note that now the RWD is dependent on i, and about 40− 80% larger than the LWR
for shorter wavelengths.
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In the bottom panel, the CTAR for the cloud orientation simulations tend to decrease with
increasing inclination except at 30 µm which rises. Also, all the values that include cloud orientation
are lower than when cloud orientation was neglected, except for 30 µm which emits essentially
isotropically and thus matches its isotropically emitting counterpart. The lower CTAR values
observed at wavelengths shorter than 30 µm are due to suppression of the response function at
shorter delays within the core. This effect becomes stronger as wavelength decreases and inclination
increases (due to orientation effects; see Section 4.4). This is why the change of CTAR with
inclination increases as wavelength decreases.
Variation with p and select Y
Figure 4.24- 4.29 shows the response function descriptive parameters for different values of p
for a torus with Y =2 and 10, σ=45◦, and i =0, 45, and 90◦ at wavelengths 2.2, 3.6, 4.5, 10,
and 30 µm. The colored circles and solid lines represent the results from simulations for a torus
illuminated isotropically. The results from the simulations for an anisotropically illuminated torus
(stars and dashed lines) are also plotted and will be discussed in Section 4.5.
Recall that in the blackbody chapter we saw that the RWD increases with increasing values of
p, the values were larger at Y=2 and the change of RWD with p was smaller compared to when
Y=10 (due to its extended tail). Lastly, we observed no change of RWD with inclination.
In the radiative transfer cases shown in these figures, we see these same general trends except
that the RWD also changes with wavelength now. One major difference between the results is that
when Y=2 the RWD is higher for shorter wavelengths, the opposite is true when Y = 10. In other
words, when cloud orientation is included in the models, the RWD at shorter wavelengths increases
for all values of Y and i, because the maximum of the response function shifts to larger delays. For
Y = 2, the RWD at shorter wavelengths exceed those at longer wavelengths because of the shift in
the response function maximum. This does not occur at Y = 10 because of the extended tail of
the response function. Also, all of the values of RWD at each wavelength increase with inclination,
except at 30 µm which stays the same due dust clouds essentially emitting isotropically at this
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Figure 4.24: Response function descriptive parameters for a torus with σ = 45◦, Y=2, and i = 0◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.25: Response function descriptive parameters for a torus with σ = 45◦, Y=2, and i = 45◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.26: Response function descriptive parameters for a torus with σ = 45◦, Y=2, and i = 90◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.27: Response function descriptive parameters for a torus with σ = 45◦, Y=10, and
i = 0◦ either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed
lines) with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.28: Response function descriptive parameters for a torus with σ = 45◦, Y=10, and
i = 45◦ either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed
lines) with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.29: Response function descriptive parameters for a torus with σ = 45◦, Y=10, and
i = 90◦ either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed
lines) with respect to different values of p at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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wavelength.
Recall that changes in wavelength is similar to changes in p. Thus when Y = 10 the response
function width is dominated by the tail, as p and wavelength increase the tail becomes shallower
and has a larger influence on the response function. The change in RWD with respect to wavelength
differs due to its dust emissivity slope. For instance, the slope of the RWD increases more rapidly
as p increases for shorter wavelengths because of suppression of the response at shorter delays
within the core due to cloud orientation (as discussed in 4.4). This affect becomes more dramatic
as inclination increases. For example, when i = 90◦ the RWD at p = 4 for 30 µm is lower than all
of the other wavelengths, even though it is at a higher value at lower p values and lower inclinations
the majority of the time.
In the middle panel the ratios of the RWD to the LWR are all greater than one, and in general
as wavelength increases the value is closer to one (i.e., smaller) for both the Y = 2 and 10 cases.
The values all increase at each wavelength as inclination increases. When Y = 2 the change in
RWD/LWR with respect to p decreases, whereas when Y = 10 the RWD/LWR increases slightly
and then decreases as p increases. For the most part, variations of RWD/LWR with p are present
but quite small but the different behavior with Y is probably due to relative importance of cloud
orientation compared to the emissivity distribution at that wavelength. In general, the RWD/LWR
increases with inclination and decreases with wavelength at all values of p.
Lastly, the core-to-total response function area ratio decreases as p increases in all cases (as
seen in the blackbody models), but as inclination increases the slopes of CTAR at each wavelength
decreases. When Y = 2, the values of CTAR increase with increasing wavelength. Also, the 10 µm
and 4.5 µm curves are very similar in value and slope. However, as inclination increases the CTAR
at 10 µm becomes larger.
When Y = 10 the values of CTAR at smaller p are larger for shorter wavelengths. As i increases
the change of CTAR with respect to p decreases and the values of CTAR decreases with the values
at shorter wavelengths decreasing faster.
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Figure 4.30: Response function descriptive parameters for a torus with p = 0, Y=10, and i = 0◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of σ at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
Variation with σ
Figure 4.30 shows the response function descriptive parameters for different values of σ for a
torus with Y =10, p = 0, and i = 0◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The figures for
i =45 and 90◦ can be found in the Appendix (Figures A.12 and A.13). The colored circles and solid
lines represent the results from simulations for a torus illuminated isotropically. The results from
the simulations for an anisotropically illuminated torus (stars and dashed lines) are also plotted
and will be discussed in Section 4.5.
These figures show that the RWD barely changes with different values of σ. Overall the range
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of RWD values decrease with increasing i, but the actual value increases with increasing i at each
wavelength. In the face-on case, the RWD slightly increases as σ increases. At i = 45◦ the values
basically do not change, and at i = 90◦ the values slightly decrease with increasing σ. Also, the
RWD is larger for every σ and i as wavelength increases.
In the middle panel, the RWD/LWR is always larger than 1, with the longer wavelengths having
values closer to one. In the face-on and inclined (i = 45◦) cases, the RWD/LWR increases as σ
increases, with the slopes decreasing as inclination increases. The opposite is true for the edge-on
case, the values of RWD/LWR decrease as σ increases.
In the bottom panels, we see that CTAR changes in different ways in each inclination case.
However, in general, CTAR should trend towards spherical shell values as σ increases, and hence
to increase to approximately the same range of values regardless of inclination (which they sort of
do). In the face-on case, all wavelengths decrease in CTAR as σ increases except at 30 µm which
increases. The change of CTAR with σ is larger for shorter wavelengths, with 2.2 µm having the
steepest slope and 10 µm have the shallowest slope.
At i = 45◦, all CTAR slightly decay as σ increases (at 30 µm CTAR decreases until i = 45◦ and
then increases). In this case, the wavelength with the largest CTAR value is 4.5 µm, then come 2.2
and 3.6 µm which have basically the same value, and 30 µm has the lowest.
In the edge-on case, the values of CTAR at every wavelength increase with increasing σ, except
at 30 µm which increases until i = 45◦ and then decreases. Again the values at 4.5 µm are the
largest. Overall as inclination increases we see that the values of CTAR at each σ decrease at every
wavelength, except for 30 µm which increases.
Variation with Y
Figures 4.31 show the response function descriptive parameters for different values of Y for a
torus with p = 0, σ = 45◦, and i = 90◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The colored
circles and solid lines represent the results from simulations for a torus illuminated isotropically.
As Y increases, the RWD decreases as in the analytical and blackbody cases. As wavelength
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Figure 4.31: Response function descriptive parameters for a torus with p = 0, σ = 45◦, and i = 90◦
that is illuminated isotropically (circles and solid lines) with respect to different values of Y at
select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
All models include cloud orientation.
decreases the RWD decreases faster as Y increases. Recall that as wavelength decreases the slope of
the response function tail decreases faster, similar to lower values of p, thus the response functions
with faster decaying tails decrease in RWD faster as Y increases. As a result, there’s a crossover
point of the RWD at Y = 5; for Y < 5 the RWD is actually larger at shorter wavelengths because
of the suppression of core response at short delays and for Y > 5 the RWD is larger at longer
wavelengths because the radial emissivity variation within the torus dominates.
In the middle panel, the ratio of the RWD to the LWR increases with increasing Y. The values
of RWD/LWR increase as wavelength decreases. For instance, the RWD/LWR approaches ∼ 2 for
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Y = 50 at 2.2 µm whereas the RWD/LWR increases more modestly with Y at longer wavelengths.
The CTAR decreases with increasing Y (again similar to analytic solution and blackbody mod-
els). However, by Y = 10 the shorter wavelengths (2.2 and 3.6 µm) begin to increase again with the
shortest wavelength increasing the fastest. The CTAR at 4.5µm essentially flattens off by Y = 10,
whereas the values at 10 and 30 µm continue to decrease.
These descriptive parameter results can all be explained by the general changes of core width
with Y, cloud orientation, and the radial variation of emissivity within the torus at different wave-
lengths. As Y increases the core width of the response function decreases, but as wavelength
increases the area under the tail portion increases because the dust emissivity declines less steeply
with radius at longer wavelengths. This can explain the decrease in RWD and in CTAR as Y
increases. However, the departures from this general behavior, such as the increase in CTAR for
Y > 10 and the larger values of RWD for Y < 5 at the shorter wavelengths, are due to the sup-
pression of the core response at shorter delays, which is “weighting” the core response less when
the core is wider with respect to the over all response function.
As wavelength increases the response in the core at shorter delays is less suppressed and the
response at longer delays becomes more suppressed. However, as wavelength increases the tail
decay is less steep. This coupled with the fact that the core width decreases as Y increases, causes
the overall decrease in CTAR seen at λ > 4.5µm; where the slopes of the decay are due to the dust
emissivity at that wavelength.
Variation with surface boundary and i
Figure 4.32 shows the response function descriptive parameters for different values of i for a
torus with p = 0, σ = 45◦, and Y = 10 at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The colored
circles and solid lines represent the results from simulations for a sharp-edged torus illuminated
isotropically. The colored stars and dashed lines represent the results from simulations for a fuzzy-
edged torus illuminated isotropically. Also plotted for comparison is the analytic solution for a
spherical shell filled with blackbody clouds in black.
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Figure 4.32: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, σ = 45◦, and Y = 10 that has a sharp edge (circles and solid lines) or a fuzzy edge (stars
and dashed lines) with respect to different values of i at select wavelengths. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation. The
black line represents the analytic solution for a spherical shell with blackbody clouds.
This figure shows that the descriptive parameters are very similar when the torus edge is either
fuzzy or sharp. The slopes of the descriptive parameters are all slightly shallower for the fuzzy
cases, i.e., there is less of a change in RWD, CTAR, and RWD/LWR in the fuzzy-edged torus
models. These differences are due to the “smearing” out of the response functions due to more
clouds residing at β > σ in the fuzzy-edged torus models.
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Figure 4.33: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 0◦, and Y = 10 that has a sharp edge (circles and solid lines) or a fuzzy edge (stars
and dashed lines) with respect to different values of σ at select wavelengths. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation. The
black line represents the analytic solution for a spherical shell with blackbody clouds.
Variation with surface boundary and σ
Figure 4.33 shows the response function descriptive parameters for different values of σ for a
torus with p = 0, Y = 10, and i = 0◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The figures
for i =45 and 90◦ can be found in the Appendix (Figures A.14 and A.15). The colored circles and
solid lines represent the results from simulations for a sharp-edged torus illuminated isotropically.
The colored stars and dashed lines represent the results from simulations for a fuzzy-edged torus
illuminated isotropically. Also plotted for comparison is the analytic solution for a spherical shell
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filled with blackbody clouds in black.
As seen above in Figure 4.32 the descriptive parameters of the fuzzy-edged models change in
the same way as their sharp-edged counterpart. The differences between descriptive parameters of
the two surface boundary cases is the smallest at i = 45◦ and the largest at i = 0◦. For this reason,
only the face-on models will be discussed. The main reason for the differences between these two
models is that for the fuzzy-edged torus nearly 1/3 of the clouds fall within the bi-cones defined
by the angular width, σ, which in the sharped-edged case, are completely empty. Hence, when the
torus is directed face-on with respect to the observer there are more clouds located along the line
of sight smearing out the response from the torus (resulting in shallower slopes of the descriptive
parameters).
Variation with τV
Figure 4.34 shows the response function descriptive parameters for different values of τV for a
torus with p = 0, Y = 10, and i = 0◦ at wavelengths 2.2, 3.6, 4.5, 10, and 30 µm. The figures
for i =45 and 90◦ can be found in the Appendix (Figures A.16 and A.17). The colored circles and
solid lines represent the results from simulations for a sharp-edged torus illuminated isotropically.
For the most part the RWD increases as the optical depth of the dust cloud increases. At
longer wavelengths, the RWD slightly decreases and then increases after τV > 20. Also, for the
most part the RWD increases as wavelength increases. As inclination increases, the 3.6 µm RWD
increases between each optical depth. As a whole, the RWD increases as inclination increases for
each wavelength.
In the middle panel, the RWD/LWR increases as optical depth increases with the value decreas-
ing with increasing wavelength. The slopes of the change of RWD/LWR with respect to optical
depth decreases as wavelength increases as well. As inclination increases the values of RWD/LWR
increases at each wavelength, with largest changes occurring as wavelength decreases.
In the bottom panel, the CTAR decreases for all wavelengths with increasing optical depth after
τV = 20, except at 30 µm which increases slightly until τV = 20 and then flattens off. By i = 90
◦
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Figure 4.34: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 0◦, σ = 45◦, and Y = 10 that has a sharp edge (circles and solid lines) with respect
to different values of τV at select wavelengths. The colors represent the different wavelengths (2.2,
3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
all of the wavelengths (again with the exception of 30 µm) start decreasing in CTAR after τV = 10.
These results tell us that as the dust cloud optical depth is increased it affects the emission
from the dust cloud at shorter wavelengths more than at longer wavelengths. At low optical
depths, the clouds emit more isotropically. However, as optical depth increases the effects of cloud
orientation play a larger role at shorter wavelengths, with these effects increasing more rapidly
for shorter wavelengths. In other words, at 2.2 µm the response function reaches its asymptotic
state by τV = 20, since the emission anisotropy is already close to its maximum at that optical
depth; whereas at 4.5 µm the response function continues to change as optical depth increases.
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At wavelengths where the dust clouds emit essentially isotropically (e.g., 30 µm) the response
functions barely change so optical depth does not play a major role on the dust cloud emission at
these wavelengths.
For the most part as optical depth increases it causes the RWD and thus, effectively, the lag to
increase, with the lags increasing more at shorter wavelengths than at longer wavelengths. Also,
because the increase in optical depth increases the effects of cloud orientation, it causes the core of
the response at shorter wavelengths to decrease in amplitude at shorter delays.
4.5 Disk Models: Anisotropic Torus Illumination
4.5.1 Response Functions
Variation with i and select Y
Response functions for models that incorporate both cloud orientation and anisotropic illu-
mination of the torus by the accretion disk are shown in Figures 4.35 and 4.36 for 3.6 µm and
30 µm, respectively. The figures for the other wavelengths can be found in the Appendix (Fig-
ures A.18 − A.20). Also plotted, for comparison, are the response functions for the corresponding
models (having the same geometrical parameters), which include cloud orientation but with the
torus isotropically illuminated. The torus configurations that correspond to the two illumination
cases are illustrated in Figure 3.12, which shows a vertical slice through the center of the torus.
Anisotropic illumination results in a dust sublimation surface that has a figure eight shape in this
slice, which allows dust clouds to reside closer to the AGN continuum source near the equatorial
plane.
The response functions of the anisotropically illuminated tori exhibit large differences compared
to those of the isotropic illumination models, peaking at shorter lags and in general exhibiting
sharper and narrower features. At 3.6, 4.5, and 10 µm, a double-peaked structure is present for
inclinations > 0◦, with a shorter delay between the first and second peaks than is the case for
isotropic illumination. These differences result from the shorter light travel times to the torus inner
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clouds which reside at smaller radii near to the equatorial plane.
It is notable that for anisotropic illumination in the face-on case at 2.2, 3.6, 4.5, and 10 µm,
the response reaches its maximum amplitude in a sharp peak after a short delay due to the lack
of clouds along the line of sight. In contrast, the response for isotropic illumination is suppressed
at early times due to the effects of cloud orientation, as discussed in Section 4.4, and does not
reach its maximum until τ ∼ 1/Y . This result is particularly interesting because similar features (a
sharp peak followed by a “knee”) also appear in the blackbody response functions for anisotropic
illumination of a face-on disk (Figures 3.13 − 3.14). Thus observing this feature in the radiative
transfer cases with cloud orientation implemented shows that anisotropic illumination of the torus
is more important at this inclination than cloud orientation. Nevertheless, cloud orientation does
play a role on some level because the response within the core at later times is more prominent at
shorter wavelengths than in the blackbody case (this is clearly seen at 2.2 µm). In other words at
shorter wavelengths the response at later delays within the core is relatively less suppressed.
The sharp initial peak that appears for anisotropic illumination occurs because the innermost
clouds have larger values of α compared to clouds at larger radii that respond at a similar delay
(i.e., more distant clouds located along the same isodelay surface). These inner clouds are not only
the hottest (hence brightest) but have more of their illuminated surfaces facing the observer than
other clouds along the same isodelay surface. The later, secondary peak, or knee at i = 0◦, is due
to the response of the clouds furthest from the observer along the anisotropic inner radius of the
torus (i.e., clouds with θ & 90◦).
As the cloud emission is essentially isotropic at 30 µm, the response amplitude at short delays is
not suppressed and the response exhibits an initial peak with a high amplitude at all inclinations.
However, as for 3.6 µm, the anisotropically illuminated torus has response functions that peak at
shorter lags and have narrower response function widths as compared to those of the isotropically
illuminated torus.
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Disk 3.6µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure 4.35: Response functions for an torus with σ=45◦; Y=2, 10; p=0; and i=0, 45, 90◦ at
3.6 µm. The blue and purple lines represent a torus that is illuminated either isotropically or
anisotropically, respectively, by the central source. The black line represents the analytic transfer
function for a spherical shell.
Variation with p
Figures 4.37- 4.38 show the response functions for both an isotropically and anisotropically
illuminated torus, Y = 10, σ = 45◦, and i =0, 45, 90◦, while varying p (−2, 0, 2, 4) at 3.6
and 30 µm, respectively. The figures for the other wavelengths can be found in the Appendix
(Figures A.21-A.23).
The figures show that the differences between the response functions for the differently illumi-
nated tori change according to the value of p. For p ≤ 0, the clouds are centrally concentrated
and the hot innermost clouds dominate the response. Therefore the differences occur mainly in
the core, for anisotropic illumination the response is narrower overall, with a sharp initial peak, as
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Disk 30µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure 4.36: Response functions for an torus with σ=45◦; Y=2, 10; p=0; and i=0, 45, 90◦ at 30 µm.
The blue and purple lines represent a torus that is illuminated either isotropically or anisotropically,
respectively, by the central source. The black line represents the analytic transfer function for a
spherical shell.
discussed above. However, for p > 0, the response is dominated by cooler clouds at larger radii and
therefore the overall width of the response function is similar for the two illumination cases.
The importance of the outer clouds is illustrated by the dip that is seen at delays of τ = 0.4 in
the response function for the face-on anisotropically illuminated torus at p = 4 at all wavelengths.
At short delays we still see an initial peak due to the hottest clouds in the inner torus, even though
there are few clouds at smaller radii. The response then decreases due to the low number density
of clouds at shorter radii and the fact that they are cooler. As the isodelay surface propagates
through the torus, it expands into the outer regions where the number density of clouds increases,
thus increasing the response from the torus at longer delays.
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Figure 4.37: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦ and Y=10 at 3.6 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2) to
right (p = 4). The blue lines represent a torus that is illuminated isotropically, the purple lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure 4.38: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦ and Y=10 at 30 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2) to
right (p = 4). The blue lines represent a torus that is illuminated isotropically, the purple lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Variation with σ and surface boundary
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Figure 4.39: Response functions for an isotropically or anisotropically illuminated torus with p=0
and Y=10 at 3.6 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
75◦). The blue lines represent an isotropically illuminated torus and the purple lines represent
an anisotropically illuminated torus both of which have a sharp surface boundary. The red lines
represent a fuzzy-edged anisotropically illuminated torus, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
Figures 4.39-4.40 show the response functions for both an isotropically and anisotropically
illuminated sharp-edged torus, for Y = 10, p = 0, and i =0, 45, 90◦, while varying σ (15◦, 45◦,
75◦) at 3.6 and 30 µm, respectively. Also plotted, are the response functions for an anisotropically
illuminated fuzzy-edged torus. The figures for the other wavelengths can be found in the Appendix
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Figure 4.40: Response functions for an isotropically or anisotropically illuminated torus with p=0
and Y=10 at 30 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
75◦). The blue lines represent an isotropically illuminated torus and the purple lines represent
an anisotropically illuminated torus both of which have a sharp surface boundary. The red lines
represent a fuzzy-edged anisotropically illuminated torus, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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(Figures A.24-A.26).
Focusing first on the effects of anisotropic illumination of the torus, these response functions
are, again, sharper and more narrow than their counterparts for the isotropically illuminated torus.
However, as σ increase the response function width also increases moderately.
Due to the narrowness of the anisotropically illuminated response functions, there are smaller
differences in the response within the core at short and long delays. For instance, the double peaked
features at i = 90◦ are less distinct (with less of a dip, which is more “filled in”) as σ increases.
This is true for the most part for all wavelengths.
The largest difference between the two illumination cases is that despite the broadening of the
response functions as σ increases, the responses for the anisotropically illuminated models retain a
sharp peak in the core, which does not widen or flatten off, as was seen in both the isotropically
illuminated tori with cloud orientation or with blackbody clouds. This is especially true when
i = 0◦ (Figures 4.39-4.40).
Now comparing the models with sharp and fuzzy surface edges for anisotropically illumination,
we see that there is barely any difference between the response functions. As seen before, the main
difference is that fuzzy-edged torus has a slightly more smeared out response due to clouds residing
at |β| > σ.
Variation with sp and surface boundary
One parameter we have not explored yet is the softening parameter, sp, which determines how
anisotropic the illuminating source is. As sp approaches 1 the source will emit more isotropically
and as it approaches 0 it will emit more anisotropically. Recall that we consider sp = 0.1 as our
standard value.
Figures 4.41-4.42 show the response functions for both an isotropically (sp = 1) and anisotrop-
ically illuminated torus, for Y = 10, p = 0, σ = 45◦, and i =0, 45, 90◦, while varying sp (0.01, 0.1,
0.5) at 3.6 and 30 µm, respectively. Also plotted, are the response functions for an anisotropically
illuminated fuzzy-edged torus. The figures for the other wavelengths can be found in the Appendix
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Figure 4.41: Response functions for an isotropically or anisotropically illuminated torus with p=0,
σ = 45◦, and Y=10 at 3.6 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different sp value increasing from left (sp = 0.01)
to right (sp = 0.5). The blue lines represent a sharp-edged isotropically illuminated torus. The
purple lines represent a sharp-edged torus and the red lines represent a fuzzy-edged torus both of
which are anisotropically illuminated. The black line is the analytic spherical transfer function. All
models include cloud orientation.
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Figure 4.42: Response functions for an isotropically or anisotropically illuminated torus with p=0,
σ = 45◦, and Y=10 at 30 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different sp value increasing from left (sp = 0.01)
to right (sp = 0.5). The blue lines represent a sharp-edged isotropically illuminated torus. The
purple lines represent a sharp-edged torus and the red lines represent a fuzzy-edged torus both of
which are anisotropically illuminated. The black line is the analytic spherical transfer function. All
models include cloud orientation.
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(Figures A.27-A.29).
At all wavelengths and inclinations we see that as sp increases the response functions become
more similar to the isotropically illuminated torus cases (sp = 1). In general, the core width
increases as sp increases. Thus, the response functions for sp = 0.5 essentially look the same as
that forsp = 1. The differences between the response functions for sp = 0.01 and sp = 0.1 are
also pretty small showing that the main effects of anisotropic illumination are already present at
sp = 0.1.
When i = 0◦ the response at longer delays within the core is less suppressed as sp increases.
This allows the effects of cloud orientation to dominate and, hence, the response peak occurs at
later times. At higher inclinations the responses are more suppressed at short delays as sp increases
especially at shorter wavelengths. When i = 90◦ the double peak features are more prominent as
sp increases, i.e., less smeared out.
The tori with fuzzy edges generally have responses that are similar to their sharp-edged coun-
terparts. However, their response functions typically broaden as inclination decreases due to the
clouds inhabiting the bi-cones with θ < 90◦ − σ.
4.5.2 Descriptive Parameters
Variation with p
The descriptive parameters for the response functions for different values of p for an anisotrop-
ically illuminated torus with Y =2 and 10, σ=45◦, and i =0, 45, and 90◦ at wavelengths 2.2, 3.6,
4.5, 10, and 30 µm are found in Figures 4.24-4.29.
Starting with Y = 2, we see that the overall trends of the descriptive parameters for the
anisotropically illuminated tori are similar to those for the isotropically illuminated tori. However,
there are some differences.
The RWD when the torus is illuminated anisotropically tend to be smaller in value at each
wavelength and increase with increasing p much quicker than in the isotropically illuminated case.
At i = 0◦, the RWD for both illumination cases converge to almost the same values by p = 4. The
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range in RWD with wavelength also increases as p increases.
The ratios of RWD to LWR for the anisotropically illuminated case are slightly larger in value
than those for the isotropic illumination, and have a larger range with wavelength.
The CTAR values at the various wavelengths are very similar until p = 0 for the anisotropically
illuminated torus models. As p increases to more positive values the CTAR start to diverge with the
longest wavelength having the shallowest slope and the slope steepening as wavelength decreases.
Also, at p = 4, we see that the CTAR is slightly lower for the anisotropically illuminated torus at
most wavelengths.
As inclination increases the slopes of the RWD and CTAR trends become shallower, this causes
the differences between the values from the two different torus illumination cases to increase as i
increases.
Introducing anisotropic illumination tends to decrease the RWD, and hence lag, of the response
function compared to an isotropically illuminated torus. For example, for p = −2 and i = 0◦, the
RWDs for anisotropic illumination are 30− 40% smaller than for isotropic illumination. However,
as p increases the differences between the RWDs for the two torus illumination cases decrease until
they are nearly the same when p = 4. This occurs because anisotropic illumination mostly affects
the core of the response function, so when the response function core dominates the response (at
small values of p) the CTAR is much larger and the response function width is much narrower.
However, when the tail dominates the response function (large values of p), the CTAR is much
smaller and the response function width is nearly the same as the isotropic case causing larger
RWDs (or lags).
Now we will look at the descriptive parameters for Y = 10. Again the trends in the descriptive
parameters for the two illumination cases are similar. At most p values the RWD is lower for
the anisotropic illumination case, and the CTAR is larger. The slopes of the trends in RWD
and CTAR with p for anisotropic illumination are also steeper than those for the isotropically
illuminated models. As inclination increases the differences between the RWD and CTAR of the
two illumination cases increases.
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The RWD/LWR values are fairly similar with the anisotropically illuminated torus models
having larger values, particularly at shorter wavelengths. However, as inclination increases the
differences in RWD/LWR between the two illumination models decrease, while the overall values
at each p increase.
The decrease in RWD that results from anisotropic illumination is larger, relative to the isotropic
illumination case, for Y = 10 than for Y = 2; for example, at 4.5 µm for i = 0 and p = 0, RWD
decreases by 50% for Y = 10 and about 25% for Y = 2. Thus, although the RWD, or lag, is smaller
when the torus is anisotropically illuminated, the amount that the lag is decreased is dependent on
Y but is most sensitive to p. Inclination appears to have a minor effect on the lag and the CTAR.
For example, typically, the RWDs for anisotropic illumination are nearly a factor 2 smaller than
for isotropic illumination at p = −2, but the difference is much smaller (. 10%) at p = 4.
Variation with σ
The descriptive parameters for the response functions for different values of σ for an anisotrop-
ically illuminated torus with Y = 10, p = 0, and i =0◦ at wavelengths 2.2, 3.6, 4.5, 10, and
30 µm are shown in Figure 4.30. The figures for i =45 and 90◦ can be found in the Appendix
(Figure A.12-A.13).
The RWD increases with increasing σ at all inclinations for the anisotropically illuminated torus
and changes much more rapidly with σ than for the isotropically illuminated models. For example,
at shorter wavelengths RWD increases by nearly factor 2 as σ increases from 15 to 75◦ at i = 0◦.
In contrast, recall that in the isotropically illuminated cases, the RWD transitions from increasing
with increasing σ to decreasing as i increases, but changes by only ∼ 10%
This occurs because the response function for the anisotropically illuminated torus has a very
narrow core which essentially negates the cloud orientation effects. Even though the width of the
response function increases with increasing σ, the core does not change much so the overall increase
in the width dominates and causes the RWD to increase.
The RWD/LWR ratios for the anisotropically illuminated torus models follow the trends seen for
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the isotropically illuminated torus models very closely, although the values are larger, substantially
so at i = 0◦.
The CTAR decreases with increasing σ at all inclinations and at all wavelengths in the anisotrop-
ically illuminated torus cases. This contrasts with the isotropically illuminated models for which
the trends in CTAR with σ differ with inclination and wavelength. In addition, CTAR typically
has much higher values for anisotropic than for isotropic illumination at all values of σ. This occurs
because the response function core for the isotropically illuminated tori becomes less suppressed
at short delays as inclination increases, but also more smeared out as σ increases. Thus the core
area increases as σ increases at i = 90◦ in the isotropically illuminated cases. Whereas the core
is narrower in the anisotropically illuminated cases so the differences with inclination are much
smaller and the increase of the width of the response function with increasing σ dominates causing
an increasing in CTAR at all inclinations.
Variation with sp
In Figures 4.43-4.45, the response function descriptive parameters for both the sharp and fuzzy
edged anisotropically illuminated torus with Y = 10, p = 0, and σ =45◦ at wavelengths 2.2, 3.6,
4.5, 10, and 30 µm for different i are plotted against different softening parameters, sp = 0.01, 0.1,
0.5, 0.99. Also, plotted is the isotropically illuminated case, i.e., when sp = 1.
The RWD for the sharp edged anisotropically illuminated torus increases with increasing sp,
reaching the same value as the isotropically illuminated torus at sp = 0.99. At shorter wavelengths,
the RWD is typically smaller by ∼ 2/3 at the smallest value of sp(= 0.01) relative to the isotropically
illuminated RWD. In the case of the fuzzy-edged anisotropically illuminated torus RWD follows
the same trend with sp as the sharp-edged model. However, the range of values is smaller for the
fuzzy-edged torus, and the values of the RWD at each sp are larger than the sharp-edged torus
values.
The more anisotropic the illuminating radiation field the shorter the RWD, and lag, will be.
The differences in RWD between the sharp and fuzzy edged torus are small and become negligible
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Figure 4.43: Response function descriptive parameters for an anisotropically illuminated torus with
p=0, σ =45◦, i=0◦, and Y=10 with respect to different values of sp. The circles and solid lines
represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. The
isotropic illuminated torus cases is plotted as colored squares. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.44: Response function descriptive parameters for an anisotropically illuminated torus with
p=0, σ =45◦, i=0◦, and Y=10 with respect to different values of sp. The circles and solid lines
represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. The
isotropic illuminated torus cases is plotted as colored squares. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure 4.45: Response function descriptive parameters for an anisotropically illuminated torus with
p=0, σ =45◦, i=0◦, and Y=10 with respect to different values of sp. The circles and solid lines
represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. The
isotropic illuminated torus cases is plotted as colored squares. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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for high values of sp and large inclinations.
The RWD/LWR decreases as sp increases for both the sharp and fuzzy edged anisotropically
illuminated tori at i = 0◦, with the latter having higher values at shorter wavelengths. At higher
inclinations, the change in RWD/LWR with sp is smaller, but the values of RWD/LWR increase for
the sharp-edged anisotropically illuminated torus. For the fuzzy-edged torus case, the RWD/LWR
values decrease and the trend transitions from decreasing with increasing sp to increasing with
increasing sp as inclination increases.
The CTAR decreases with increasing sp at all inclinations and all wavelengths for both the
sharp and fuzzy-edged cases. In general, the core of the response function is more prominent when
the AGN illumination is more anisotropic.
As inclination increases we start to see differences in the CTAR behavior. For instance the
range of CTAR values increases as inclination increases. Also the slope of the CTAR trend with
increasing sp steepens for shorter wavelengths and flattens at longer wavelengths, causing changes
in CTAR with respect to wavelength and sp. For instance, as inclination increases the rate at which
CTAR changes with sp decreases more rapidly at 2.2 µm at i = 90
◦, this causes the value of CTAR
at this wavelength to change from the highest to the lowest as sp increases for the sharp-edged
torus. Whereas at 30 µm the slope of CTAR with sp becomes shallower.
This occurs because as seen in the response function plots the overall width of the response func-
tion increases with increasing sp, thus the CTAR will decrease. However, due to the effects of the
dust emissivity variations with radius and cloud orientation, which modify the response functions
at shorter wavelengths more drastically, the CTAR changes the most at shorter wavelengths.
The same features occur in the fuzzy-edged case but with shallower slopes and smaller ranges
of CTAR. Thus as inclination increases the changes of CTAR are less dramatic than in the sharp-
edged case. This is due to the fact that the fuzzy-edged tori response functions are more smeared
out so the changes in the core area with respect to the total response function area due to changes
in inclination, sp, cloud orientation, and dust emissivity are smaller.
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4.6 Disk Models: Cloud Shadowing
4.6.1 Response Functions
As discussed in Section 2.2, there is a high probability that clouds within the torus will be
shadowed (i.e., shielded from the AGN continuum source) by clouds nearer to the inner edge of
the torus. The shadowed clouds are heated by the diffuse radiation field of nearby directly heated
clouds and therefore emit anisotropically. This effect was not included in the simulations presented
above. In this section the effects of cloud shadowing on the torus response will be explored.
The fraction of clouds that are shadowed is a function of Y , p, and the average volume filling
factor, Φ, since these determine, respectively, the path length, the degree to which the clouds are
centrally concentrated, and the cloud size.
Variation with Φ and p
Figures 4.46-4.47 show the response functions at 3.6 and 30 µm when cloud shadowing is
introduced with Y = 10, σ = 45◦, for i = 0, 45, 90◦ and p = 0 for several values of Φ. Similar figures
for the other wavelengths and p = −2 and 2 can be found in the Appendix (Figures A.30-A.42).
The average number of clouds along an equatorial ray in the cases shown is N (r = Ro, β = 0) ≈22,
5, and 1, for Φ=0.1, 0.01, and 0.001, respectively.
As seen in Figure 4.46 cloud shadowing has a dramatic effect at 3.6 µm (and λ < 10µm in
general) but barely changes the response function at 30 µm (and 10 µm). Without cloud shadowing,
the initial response within the core at 3.6 µm is suppressed due to the anisotropic emission of the
clouds (Section 4.4). However, with cloud shadowing, the response of the core at short delays is
stronger and for Φ = 0.1 and i = 90◦, even exceeds the second peak in amplitude. This is because,
for higher values of Φ, nearly all of the clouds in the torus interior are shadowed (99.5% for Φ = 0.1).
Only clouds near the inner edge are directly heated and emit anisotropically, so the response is
dominated by isotropically emitting indirectly heated clouds.
This can be seen in Figure 4.48, where we compare response functions for Φ=0.01 when both
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Figure 4.46: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure 4.47: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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directly and indirectly heated clouds are included, and when only directly heated clouds are included
(i.e., the shadowed clouds are “turned off”). The corresponding case that does not include cloud
shadowing is also plotted for comparison. In this figure, the initial peak has a much lower amplitude
when only the directly heated clouds are included. In addition to changing the relative amplitudes
of the peaks in the core for τ ≤ 1/Y , cloud shadowing also causes the response function to decay
more steeply for τ > 1/Y . Again, this is due to the lack of directly heated clouds at larger radii
within the torus.
As the average volume filling factor is decreased, the response functions change slowly back to
the case where cloud shadowing was not included, i.e., the decay tail becomes shallower and the
secondary peak increases in height (Figure 4.46). The no cloud shadowing case is recovered for
Φ . 0.0001.
At 30 µm, as already noted, the introduction of cloud shadowing has a relatively small effect
on the response function. This is because at this wavelength, both the directly and indirectly
heated clouds essentially radiate isotropically. When the indirectly heated clouds are “turned off”
(Figure 4.48), the emission mostly comes only from the inner edge of the torus for larger values of
Φ and therefore double peaks appear in the core, while the decay tail steepens.
In general, as Φ increases the response in the core at short delays is less suppressed and the tail
decays more steeply. The suppression effects decrease as wavelength increases, i.e., as wavelength
increases the core is less affected due to due to the nearly isotropic emission from clouds at longer
wavelengths.
At each wavelength (but especially for λ < 10µm), the responses at shorter delays within
the core are less suppressed at each Φ as inclination increases and as p decreases. There is less
suppression of the core response at short delays with increasing inclination because the clouds that
respond first are the ones whose non-illuminated sides are facing the observer. As most of these
clouds are shadowed and therefore are emitting isotropically cloud orientation has less influence on
the torus response. As p increases the core response is more suppressed because there are more
clouds in the outer regions and fewer hotter clouds whose emission is more anisotropic. The other
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Figure 4.48: Contributions of directly and indirectly heated clouds when cloud shadowing is in-
cluded. The response functions shown are for an isotropically illuminated torus with σ=45◦; Y=10;
p=0; and i=90◦ at 3.6 and 30 µm. The black squares and line represent simulations without cloud
shadowing. The solid lines represent simulations where the shadowed clouds were included as in-
directly heated clouds (red), or simply excluded (pink). The average volume filling factor in these
cases is Φ = 0.01.
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main effect of p on the response functions is that the tail decays more slowly as p increases, but
still more steeply than when cloud shadowing is not implemented.
Variation with Y
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Figure 4.49: Response functions for an isotropically illuminated torus with cloud shadowing im-
plemented with σ=45◦; p=0; Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 3.6 µm. The blue lines
represent the models that do not include cloud shadowing, the purple lines are for the models with
cloud shadowing, and the black line is the analytical solution for a spherical shell. All models
include cloud orientation.
Figures 4.49-4.50 show the response functions for different Y values at 3.6 and 30 µm, respec-
tively, for a torus that is isotropically illuminated with i = 90◦, σ = 45◦, p = 0, and Φ = 0.01 when
cloud shadowing is incorporated. The torus response functions when cloud shadowing was not
included and the analytic spherical shell transfer function is plotted for comparison. The response
functions at other wavelengths can be found in the Appendix (Figures A.43-A.45).
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Figure 4.50: Response functions for an isotropically illuminated torus with cloud shadowing im-
plemented with σ=45◦; p=0; Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 30 µm. The blue lines
represent the models that do not include cloud shadowing, the purple lines are for the models with
cloud shadowing, and the black line is the analytical solution for a spherical shell. All models
include cloud orientation.
As wavelength and Y increases the effects of cloud shadowing tend to counteract the effects of
cloud orientation within the core of the response function. There is little difference in the response
function core at 2.2 µm, but as wavelength and Y increases the responses at short delays (the
initial peak) at 3.6 and 4.5 µm are less suppressed. At 3.6 µm, for example, the initial peak of
the response function increases in height and surpasses the secondary peak by Y = 20. At 30 µm,
however, there is barely any difference between the response with and without cloud shadowing.
These differences occur due to cloud orientation effects. At lower Y values the majority of the
clouds are closer to the inner torus radius and are hotter, emitting more anisotropically. However,
as Y increases more clouds are further from the inner regions, so they are cooler and a large fraction
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of them are shadowed. Thus the isotropically emitting, indirectly heated clouds start to dominate
the response causing the response of the core to be less suppressed at shorter delays and more
suppressed at later delays (τ > 1/Y ). Since the emission of the clouds at λ & 10µm is more
isotropic the response does not change as much when cloud shadowing is included.
The other major influence of cloud shadowing on the response function is that the tail decay is
steeper as Y increases at all wavelengths except 30 µm which does not change at all. As Y increases
the core is narrower with respect to the whole response function, but with cloud shadowing the
clouds in the inner regions of the torus dominate the response, thus the tail will decrease since the
clouds are shadowed. The effect is similar to decreasing p, where the directly illuminated clouds
are more centrally concentrated.
Variation with surface boundary
In previous sections we have seen that the difference between the sharp and fuzzy surface
boundary of the torus is essentially negligible. However, with cloud shadowing implemented the
fuzzy-edged torus should have a larger effect, essentially this decreases the probability of shadowing
along lines of sight at higher β angles, resulting in fewer shadowed clouds at larger radii from the
illuminating source. Figures 4.51-4.52 compare the response functions for tori with either a sharp
or fuzzy surface boundary at 3.6 and 30 µm, respectively. Both tori are illuminated isotropically
with Y = 10, p = 0, and σ = 45◦ for i = 0, 45, 90◦ and Φ =0.001, 0.01, 0.1. The response functions
at other wavelengths can be found in the Appendix (Figures A.46-A.48).
As predicted the fuzzy surface boundary has a larger effect on the response function now that
cloud shadowing is implemented. The effect is larger at shorter wavelengths and larger Φ. For
instance, in Figure 4.51 the response of the fuzzy-edged torus at i = 90◦ has a more suppressed
initial peak for Φ = 0.001 and 0.01, and for Φ = 0.1 the secondary peak is less suppressed than in
the responses of the sharp-edged torus. Thus the responses of the fuzzy-edged tori show decreasing
effects of cloud shadowing because there are more clouds at larger radii that are directly illuminated.
As inclination increases, the response functions that have a fuzzy edge change less, because
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Figure 4.51: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations with a sharp surface boundary and
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left). The black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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Figure 4.52: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations with a sharp surface boundary and
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left). The black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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cloud orientation is dominating the response more and cloud shadowing effects are less influential.
As Φ decreases fewer clouds are shadowed so the responses for both the sharp and fuzzy edged
torus models are more similar, except that as previously seen in Section 4.4 the fuzzy-edged models
tend to have slightly wider response functions and are more smeared out.
Also, as previously mentioned, the response functions at 30 µm barely change regardless of
surface boundary mainly due to the nearly isotropic emission of the dust clouds at this wavelength.
The largest difference is seen at i = 90◦ where as Φ increases the differences between the sharp and
fuzzy edged torus models increases, with the fuzzy edged torus models having a less suppressed
response at longer delays within the core as Φ increases. Again this is due to the fact that the
clouds residing at higher β values causes the response function core to smear out.
Variation with Anisotropic Illumination
The response functions for models that incorporate cloud orientation, cloud shadowing, and
anisotropic illumination of the torus from the accretion disk can be found in Figures 4.53-4.54 for
different values of Φ at 3.6 and 30 µm, respectively. The figures for the other wavelengths can
be found in the Appendix (Figures A.49-A.51). Also, plotted for comparison are the models that
incorporate cloud orientation and cloud shadowing but in which the torus is illuminated isotropically
by the accretion disk.
The effects on the response functions of including anisotropic illumination are pretty much the
same as for the models that do not include cloud shadowing. For the most part, all the models
with anisotropic illumination have a much narrower core and peak at earlier times.
When i = 0◦, we see that the anisotropically illuminated torus models for λ < 30µm exhibit
the same features, having a stronger initial peak with a suppressed response at longer delays. As
Φ increases the response at later delays within the core is more suppressed. Since there are more
shadowed clouds as Φ increases and there are more clouds in the inner regions of the torus we
observe a weaker response from latter half of anisotropic inner radius of the torus (i.e., clouds with
θ & 90◦).
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Figure 4.53: Response functions comparing an isotropically and an anisotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 3.6 µm. The purple lines represent simulations for
an isotropically illuminated torus and the red lines represent the simulations for an anisotropically
illuminated torus for values of the average volume filling factor ranging from: Φ=0.001 (right) to
0.1 (left). The black line is the analytic spherical shell transfer function. All models include cloud
orientation and cloud shadowing.
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Figure 4.54: Response functions comparing an isotropically and an anisotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 30 µm. The purple lines represent simulations for
an isotropically illuminated torus and the red lines represent the simulations for an anisotropically
illuminated torus for values of the average volume filling factor ranging from: Φ=0.001 (right) to
0.1 (left). The black line is the analytic spherical shell transfer function. All models include cloud
orientation and cloud shadowing.
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The other major effect of including anisotropic illumination is in the edge-on torus cases. Here
cloud shadowing effects develop sooner as Φ increases. By Φ = 0.01 the initial peak of the response
function is already higher than the second peak for 3.6 µm. This occurs even earlier at 4.5 µm,
where all response functions are dominated by cloud shadowing for all Φ values.
The response functions at 30 µm for models where the torus is illuminated anisotropically
have the same basic shape as the models that are illuminated isotropically. In other words, the
response at 30 µm is very similar to the models that do not incorporate cloud shadowing when
the torus is illuminated either isotropically or anisotropically. Recall that this is due to the dust
clouds emitting almost isotropically at 30 µm. Thus the replacement of directly heated clouds by
shadowed, indirectly heated clouds does not make a difference in the response of the torus at this
wavelength.
Variation with Y and anisotropic illumination
The response functions for models that incorporate cloud orientation, cloud shadowing, and
anisotropic illumination of the torus from the accretion disk can be found in Figures 4.55-4.56 for
different values of Y at 3.6 and 30 µm, respectively. The figures for the other wavelengths can be
found in the Appendix (A.52-A.54). Also, plotted for comparison are the models that incorporate
cloud orientation and cloud shadowing but the torus is illuminated isotropically by the accretion
disk.
Again the response functions of anisotropic illumination models with cloud shadowing display
the same general shapes as the isotropic illumination models when varying Y . However, in the
anisotropic illumination models the cloud shadowing effects become evident at smaller values of Y .
For instance, at 3.6 µm (Figure 4.55) by Y = 5 the peaks of the response function have the same
amplitude, then from Y = 10 and beyond the initial peak is the highest.
Another difference is that the secondary peaks are much more suppressed at longer wavelengths
with the dip between them more filled in. The main reason for this is due to the smaller light
crossing time of the anisotropic inner torus radius rather than cloud shadowing.
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Figure 4.55: Response functions for a torus with cloud shadowing implemented with σ=45◦; p=0;
Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 3.6 µm. The purple lines represent the models for a torus
illuminated isotropically, the red lines are for the models for a torus illuminated anisotropically, and
the black line is the analytical solution for a spherical shell. All models include cloud orientation.
Variation with surface boundary when anisotropically illuminated
The response functions comparing the effects of cloud shadowing with a torus illuminated
anisotropically and either a sharp or fuzzy surface boundary can be found in Figures 4.57-4.58 for
3.6 and 30 µm, respectively. The figures for the other wavelengths can be found in the Appendix
(Figures A.55-A.57).
As previously seen, tori with a fuzzy surface boundary tend to widen the response function and,
at times, wash out the response. Also, the largest differences are seen at shorter wavelengths.
In the face-on case, Figure 4.57 shows that the response functions that have a fuzzy-edge are
much less suppressed at longer delays than in the sharp-edged cases.
As inclination increases the response at short delays becomes more suppressed even in the edge-
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Figure 4.56: Response functions for a torus with cloud shadowing implemented with σ=45◦; p=0;
Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 30 µm. The purple lines represent the models for a torus
illuminated isotropically, the red lines are for the models for a torus illuminated anisotropically, and
the black line is the analytical solution for a spherical shell. All models include cloud orientation.
on case. This behavior results from the fact that in models with a fuzzy-edge the cloud shadowing
effects are less important than cloud orientation effects, which therefore have more influence on the
response than when the surface boundary is sharp.
The decrease of Φ also causes the responses at short delays to be more suppressed. This occurs
because fewer clouds are shadowed in general so the cloud orientation effect dominate the response
more as Φ decreases.
Figure 4.58 shows that the surface boundary has nearly negligible effects at 30 µm. The largest
effects occur at i = 90◦ where the response for the fuzzy-edge torus model is slightly less suppressed
at longer delays within the core and the overall width of the response function is larger.
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Figure 4.57: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
152
Chapter 4. Radiative Transfer RF Results
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.001
sharp
fuzzy
analytic sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.001
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.001
30µm, aniso; sharp vs fuzzy; shadow, Y=10
Figure 4.58: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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4.6.2 Descriptive Parameters
Variation with Φ
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Figure 4.59: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=-2, i=0◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
Figures 4.59-4.61 show the response function descriptive parameters for an isotropically illu-
minated sharp-edged torus with cloud shadowing implemented for a torus with Y = 10, i = 0◦,
σ = 45◦, and p = −2, 0, 2, respectively, for several values of Φ. The descriptive parameters for the
different inclinations and p values can be found in the Appendix (Figures A.58-A.63).
The RWD changes more dramatically with increasing Φ as p increases. At more negative values
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Figure 4.60: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=0, i=0◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure 4.61: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=2, i=0◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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of p the RWD barely changes with increasing Φ due to the steep tail decay for low values of p coupled
with the steeper tail decay due to cloud shadowing. As there are only slight changes within the
core of the response function there is little change in the RWD. As p increases the changes in the
tail decay with increasing Φ are more influential causing the RWD to decrease as Φ increases for
p ≥ 0.
Recall that as Φ increases the number of shadowed clouds increase, thus the tail of the response
function decreases while the core is less suppressed at short delays so the RWD decreases. The
RWD decreases more rapidly as Φ increases for shorter wavelengths and larger values of p. The
RWD is typically larger for more positive values of p and for longer wavelengths. In general, the
RWD when cloud shadowing is not included is similar to the RWD for the cloud shadowing case
when p = −2 and when p ≥ 0 for Φ = 0.001.
The spread in RWD with respect to wavelength decreases as both inclination and p increases.
This occurs because as the inclination increases cloud shadowing effects counteract the cloud ori-
entation effects causing less suppression at shorter delays within the core response.
The ratio of the RWD and the LWR decreases as Φ increases, decreasing more rapidly at shorter
wavelengths and higher inclinations. The sharpest decrease occurs when p = −2. As p increases
RWD/LWR changes more gradually with increasing Φ, becoming essentially constant at p = 2. As
p increases the values of the RWD/LWR decrease but the range of values with wavelength increases
at each Φ. The range of values also increases as inclination increases, but individual values increase
as well.
The CTAR is approximately constant for p = −2, but increases as Φ increases for p ≥ 0, with
larger changes occurring at shorter wavelengths. The response functions at shorter wavelengths (≤
4.5µm) generally have similar CTAR values, which are higher than than those at longer wavelengths
(10 & 30 µm). The exception occurs for p = 2 and i = 90◦, when the CTAR values at the shorter
wavelengths are actually lower those at the longer wavelengths for Φ = 0.001, but increase more
steeply as Φ increases.
Again, as Φ increases more clouds are shadowed thus when p = −2 the core area with respect
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to the total response function area barely changes since the core is what dominates the response
and the tail decay barely changes. However, as p increases the response function tail becomes
dramatically more prominent as Φ increases. Thus the CTAR increases more as Φ increases but
the actual CTAR values are lower since the tail is more dominant in the response functions than
the core.
As inclination increases the CTAR decreases more at shorter wavelengths (λ < 10µm) because
the overall width of the response function increases. In other words, as inclination increases the
core area increases but so does the area under the tail. The large differences in CTAR, with respect
to inclination, at shorter wavelengths are also due to fact that the emission at these wavelengths
is typically due to hotter clouds, thus as p increases there are fewer hot clouds. Therefore the
values of CTAR at shorter wavelengths change more dramatically as p increases as more clouds are
shadowed (increasing Φ) and as inclination increases.
Variation with Y
The response function descriptive parameters for isotropically illuminated torus models that
include cloud orientation and cloud shadowing effects are shown in Figure 4.62 where Y is varied
and p=0, i=90◦, σ = 45◦, and Φ=0.01. The descriptive parameters for the different inclinations
and i values can be found in the Appendix (Figures A.64-A.65).
The RWD decreases as Y increases similarly to the analytic spherical shell solution and the
models that do not include cloud shadowing (Section 4.4 and Figure 4.31). The models with cloud
shadowing actually behave in a very similar way to the models without cloud shadowing, but
the RWD values decrease more rapidly as Y increases due to the steeper decay tail in the cloud
shadowing response functions. It is notable that, with cloud shadowing, at shorter wavelengths
(λ < 10µm), the RWD ∼ 1/Y , the inner radius light crossing time.
The exception is the 30 µm curve, which parallels, at slightly higher values to the non-cloud
shadowing model, due to the nearly isotropic emission of the dust at this wavelength coupled with
the negligible effects of cloud shadowing.
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Figure 4.62: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=0, i=90◦, σ = 45◦, and Φ=0.01 when varying Y . The circles and solid lines
represent an isotropically illuminated torus, and the stars and dashed lines represent an anisotrop-
ically illuminated torus. Both tori have a sharp surface boundary, and include cloud orientation
and cloud shadowing. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a solid black line for comparison.
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With the implementation of cloud shadowing the RWD, or lag, of the response function becomes
smaller for larger values of Y compared to the models where cloud shadowing is not implemented.
The behavior of the RWD to LWR ratio is more complicated for the models with cloud shad-
owing than for their non-cloud shadowing counterparts. At short wavelengths (2.2 and 3.6 µm)
the RWD/LWR increases, decreases, and then increases again. At longer wavelengths there is a
monotonic increase with increasing Y , similar to that seen for the non-cloud shadowing models.
The differences at shorter wavelengths and smaller Y values, in comparison to the non-cloud
shadowing models, are most likely due to the hot inner clouds that are dominating the response in
the core. At shorter wavelengths cloud orientation effects are larger but as Y increases there are
fewer hot inner clouds and cloud shadowing effects start to dominate over cloud orientation effects
at smaller Y values as wavelength increases, which is why the RWD/LWR changes the most at 2.2
µm and the least at 4.5 µm.
As inclination decreases the changes in RWD/LWR with Y are smaller, because cloud orien-
tation effects are less important at smaller inclinations. Also, the values of RWD/LWR decrease
at shorter wavelengths, leading to smaller ranges of RWD/LWR as inclination decreases (see Fig-
ure 4.23). In general, RWD/LWR is rather insensitive to Y for the cloud shadowing models,
especially at shorter wavelengths.
The variations of CTAR with Y at 10 and 30 µm are very similar to what is seen for the models
that do not include cloud shadowing, with CTAR decreasing as Y increases, but with a more gradual
slope 10 µm. At 2.2 and 3.6 µm the CTAR follows a similar trend as the non-cloud shadowing case
but it increases faster for Y ≥ 5. Due to the steeper decay tails in the cloud shadowing response
functions the core area is larger with respect to the total response function area. This coupled with
the steeper decay tail at shorter wavelengths causes the core area to increase more dramatically at
shorter wavelengths than at longer ones as Y increases.
As i increases the values of CTAR at short wavelengths shift closer to the values of CTAR at
longer wavelengths. As already noted, the shorter wavelengths decrease in CTAR with increasing
inclination due to the cloud orientation effects, causing a suppression at short delays within the
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core. Recall that this effect is stronger at shorter wavelengths, which is why the CTAR at 2.2 µm
changes the most.
Variation with Φ and surface boundary
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Figure 4.63: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=0◦, σ = 45◦, and Y=10 with respect to different values of Φ at select wavelengths. The
circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The response function descriptive parameters for isotropically illuminated torus models with
either a sharp or fuzzy surface boundary that include cloud orientation and cloud shadowing effects
are shown in Figure 4.63 where Φ is varied and p=0, i=0◦, σ = 45◦, and Y=10. The descriptive
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parameters for other inclinations can be found in the Appendix (Figure A.66 - A.67).
For the most part the descriptive parameters for the fuzzy-edged torus models with cloud
shadowing follow the same general trends as the sharp edged torus models. However, there are
significant differences, which are most apparent when the torus is face-on (i = 0◦).
First, the RWD in for the fuzzy edged torus models are all larger than the sharp edged models,
with the differences being larger at shorter wavelengths. The larger RWD for the fuzzy edged
torus models can be explained due to the shallower tail decay and overall wider response function
width. However, recall that the response functions of the fuzzy-edged models are more suppressed
at shorter delays in the core, especially at smaller Φ values. This causes the larger differences in
the RWD as wavelength decreases.
This effect is more apparent at i = 0◦ and 45◦ than at i = 90◦, when the values of RWD are
much closer between the torus models with the different boundary surfaces.
The most notable difference between the sharp and fuzzy-edged models, is that the range of
the RWD/LWR is much larger for the fuzzy-edged torus models for i < 90◦. This is due to
much larger values of RWD/LWR at shorter wavelengths (particularly 2.2µm); at 30µm, there is
little difference between the two cases. As inclination increases these differences disappear and, at
i = 90◦, the RWD/LWR curves for the fuzzy-edged torus models are similar in shape and value to
their sharp-edged counterparts.
Lastly, the CTAR values for shorter wavelengths (≤ 4.5µm) are smaller for the fuzzy-edged
torus models than for the sharp-edged torus models for i < 90◦. The largest difference is at 2.2 µm
where the CTAR is lower in value than at 3.6 and 4.5 µm but becomes larger than at these two
wavelengths as i reaches 90◦. This occurs in the fuzzy-edged case because the response at short
delays is much more suppressed at 2.2 µm than in the sharp-edged torus case leading to a smaller
core area. A similar trend occurs at 3.6 µm.
Again as i increases the CTAR values for both the fuzzy and sharp-edged torus models tend to
converge at each Φ value.
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Variation with p and surface boundary
−2 −1 0 1 2
p
0.05
0.10
0.15
0.20
0.25
0.30
0.35
R
W
D
Dusty iso, sharp vs fuzzy: Y=10, i=0, vff=0.01, sig=45
λ=2.2
λ=3.6
λ=4.5
λ=10
λ=30
−2 −1 0 1 2
p
1.0
1.2
1.4
1.6
1.8
R
W
D
/L
W
R
−2 −1 0 1 2
p
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
a
re
a
 c
o
re
/t
o
ta
l 
a
re
a
Figure 4.64: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=0◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
Figure 4.64 shows the response function descriptive parameters for an isotropically illuminated
torus with either a sharp or fuzzy surface boundary that includes cloud orientation and cloud
shadowing effects, and where p is varied and Φ=0.01, i=0◦, σ = 45◦, and Y=10. The descriptive
parameters for other inclinations can be found in the Appendix (Figures A.68 - A.69).
The models with cloud shadowing show broadly similar trends in RWD, RWD/LWR and CTAR
to those seen for models not including shadowing (Figures 4.24 - 4.26), although with generally
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lower values of RWD and typically higher values of CTAR.
The fuzzy-edged models also follow similar trends but for wavelengths < 30µm have slightly
higher values of RWD and lower values of CTAR. The RWD/LWR ratios for the fuzzy-edge models
are much larger than for the sharp-edged cases for lower inclinations, particularly at 2.2µm at which
wavelength RWD/LWR peaks at 1.9 when p = 0. Again, the differences in RWD, RWD/LWR and
CTAR between the sharp and fuzzy-edged models are most apparent at shorter wavelengths and
lower inclinations.
Variation with Φ when Anisotropically Illuminated
Figures 4.59 - 4.61 also show the response function descriptive parameters for an anisotropically
illuminated sharp-edged torus with cloud shadowing implemented for Y = 10, i = 0◦, σ = 45◦,
and p = −2, 0, 2, respectively, for several values of Φ. The descriptive parameters for the different
inclinations and p values can be found in the Appendix (Figures A.58 - A.63).
The general effect of anisotropic illumination is to decrease RWD and increase CTAR, with the
largest changes occurring for smaller values of p (more centrally concentrated cloud distributions).
It is notable that for p = −2, anisotropic illumination reduces the RWD by a factor ∼ 2 at all
wavelengths, even at 30µm. At the shorter wavelengths (≤ 4.5µm) the RWD ≈ 0.04 for p = −2
and ≈ 0.05 for p = 0 and Φ ≥ 0.01, which correspond to about half the inner radius light crossing
time.
In comparison, the changes in RWD/LWR are usually smaller, the exception being the p = −2
case, in which anisotropic illumination produces smaller values of RWD/LWR at wavelengths ≤
4.5µm than isotropic illumination, for Φ = 0.001.
As p increases the RWD/LWR for the anisotropically illuminated torus models become closer
in value to those for the isotropically illuminated torus.
Lastly, the CTAR at all p values typically follow the same general trends as the isotropically
illuminated torus models but, as already noted, the values for the anisotropically illuminated torus
are larger.
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Variation with Y when Anisotropically Illuminated
The response function descriptive parameters for anisotropically illuminated torus models that
include cloud orientation and cloud shadowing effects are shown in Figure 4.62 where Y is varied
and p=0, i=90◦, σ = 45◦, and Φ=0.01. The descriptive parameters for the different inclinations
and i values can be found in the Appendix (Figures A.64 - A.65).
For anisotropic illumination, the RWD shows similar trends at each wavelength to those seen
for the isotropically illuminated torus models. However, as already noted, the values are lower for
the torus models that are anisotropically illuminated.
The RWD/LWR ratios also show broadly similar behavior, but larger differences occur as i
decreases. In the face-on case, the RWD/LWR at shorter wavelengths decrease and increase as Y
increases instead of steadily increasing as in the isotropically illuminated case.
The core to total area ratios of the anisotropically illuminated torus change less dramatically
than for the isotropically illuminated models. At smaller Y values the CTAR increases for shorter
wavelengths instead of decreasing as in the isotropically illuminated torus cases. Also, the values of
CTAR are typically larger for the tori which are anisotropically illuminated than the isotropically
illuminated cases, except for short wavelengths at Y = 50.
As mentioned above, the core width of the response functions decrease as Y increases. Anisotropic
illumination causes the core width to decrease even more. Also, due to cloud shadowing effects the
maximum amplitude of the response within the core shifts to shorter delays faster as wavelength
increases in the anisotropically illuminated cases than in the isotropically illuminated cases. Thus
the core area generally just decreases as Y increases for the anisotropically illuminated torus mod-
els, instead of first increasing and then decreasing as in the isotropically illuminated torus models.
These effects cause the RWD, and thus lag, to decrease quite dramatically compared to the RWD
for the isotropically illuminated models, especially as Y increases.
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Figure 4.65: Response function descriptive parameters for anisotropically illuminated torus with
p=0, i=0◦, σ = 45◦, and Y=10 with respect to different values of Φ at select wavelengths. The
circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
Variation with Φ and surface boundary when anisotropically illuminated
Figure 4.65 shows the response function descriptive parameters for an anisotropically illumi-
nated torus with either a sharp or fuzzy surface boundary that includes cloud orientation and
cloud shadowing effects, and where Φ is varied for p=0, i=0◦, σ = 45◦, and Y=10. The descriptive
parameters for other inclinations can be found in the Appendix (Figures A.70 - A.71).
The descriptive parameters are quite different for the fuzzy-edged torus compared to the sharp-
edged torus for anisotropic illumination. The RWD is larger when the surface boundary is fuzzy
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and a wider spread in values is seen at shorter wavelengths.
The CTAR increases as Φ increases with the values for the fuzzy-edged torus being much smaller
than the sharp-edged torus models. Again there is a wider spread in values than for isotropic
illumination, with the CTAR value at 2.2µm being much smaller than at the other wavelengths,
except for 30µm.
When the surface boundary for the anisotropically illuminated torus models is fuzzy, the re-
sponse function widths increase and the responses within the core are less suppressed. Thus the
RWDs increase and the core areas decrease. The descriptive parameters shows the largest differ-
ences in the face-on cases because the fuzzy surface boundary results in a nearly double-peaked
response especially at short wavelengths, increasing the RWD and decreasing the core area.
The RWD/LWR generally changes in the same way for both surface boundary anisotropically
illuminated torus cases. The values are typically larger for the fuzzy-edged case at i < 90◦, with
RWD/LWR exceeding 2 at 2.2 µm, for i = 0◦. However, as i increases the values decrease and
become smaller than the anisotropically illuminated, sharp-edged torus model values at i = 90◦.
Variation with p and surface boundary when anisotropically illuminated
Figure 4.66 shows the response function descriptive parameters for an anisotropically illumi-
nated torus with either a sharp or fuzzy surface boundary that includes cloud orientation and cloud
shadowing effects and where p is varied for Φ=0.01, i=0◦, and Y=10. The descriptive parameters
for other inclinations can be found in the Appendix (Figures A.72 - A.73).
As p increases the descriptive parameters for anisotropically illuminated torus models change
in a similar way for both the sharp and fuzzy surface boundary cases. The RWD and the CTAR
values for the fuzzy surface boundary are larger and smaller, respectively than when the surface
boundary is sharp.
The RWD/LWR values are all larger for the fuzzy-edged torus and, unlike the sharp-edged case,
reach a maximum at p = 0 for all wavelengths except 30µm.
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Figure 4.66: Response function descriptive parameters for anisotropically torus with σ = 45◦,
Φ = 0.01, i=0◦, and Y=10 with respect to different values of p at select wavelengths. The circles
and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged
torus. Both tori include cloud orientation and cloud shadowing. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
4.7 Disk models: Cloud Occultation
4.7.1 Response Functions
Emission from any one cloud can be intercepted and attenuated by intervening clouds along
the same line of sight to the observer. In this section, the effects of cloud occultation are explored.
In order to better understand how cloud occultation modifies the torus response, cloud shadowing
is not included in these models. The number of occulting clouds depends on the path length with
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respect to the observer and the radial cloud distribution. The strength of the attenuation depends
on the cloud optical depth, and the optical depth with respect to wavelength. (See Section 4.7.)
Variation with p
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Figure 4.67: Response functions for a torus illuminated isotropically with σ=45◦, Φ = 0.01, and
Y=10 at 3.6 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different p value increasing from left (p = −2) to right (p = 4).
The blue lines represent the torus models that does not have cloud occultation implemented, the
orange lines represent the torus models with cloud occultation implemented, and the black line is
the analytic spherical shell transfer function. All models include cloud orientation.
The response functions comparing torus models that include and do not include cloud occul-
tation for an isotropically illuminated sharp-edged torus for various values of p and i are shown
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Figure 4.68: Response functions for a torus illuminated isotropically with σ=45◦, Φ = 0.01, and
Y=10 at 30 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different p value increasing from left (p = −2) to right (p = 4).
The blue lines represent the torus models that does not have cloud occultation implemented, the
orange lines represent the torus models with cloud occultation implemented, and the black line is
the analytic spherical shell transfer function. All models include cloud orientation.
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in Figures 4.67 - 4.68 for 3.6 and 30 µm. The figures of the response functions for the other
wavelengths can be found in the Appendix (Figures A.74 - A.76).
Figures 4.67 and 4.68 show that cloud occultation affects the shape of the response function
much more dramatically at all wavelengths than cloud shadowing. The greatest changes in the
response functions occur when either i = 0◦ or i = 90◦.
When i = 45◦, the observer sees a larger range of cloud temperatures and α values. The clouds
along the inner radius whose illuminated faces are turned toward the observer are not occulted and
dominate the response for small p, thus cloud orientation effects dominate the response function
shape within the core. Therefore at this inclination cloud occultation mainly just decreases the
overall torus response flux but not the shape of the response function. The path length for a
particular cloud in this torus configuration is smaller than when the torus has a larger σ or the
inclination is larger (i.e., the line of sight for a particular cloud only passes through one side of the
torus).
In the face-on case, the observer still sees a large range of cloud temperatures but only interme-
diate values of α (45− 135◦). Due to cloud occultation, the observer mostly see the emission from
the clouds along the surface boundary of the torus facing the observer. For more negative values
of p, more clouds are closer to the inner radius of the torus thus the response at later delays within
the core of the response function is more suppressed than at shorter delays. The tail decays slightly
slower when cloud occultation is included due to the low number density of clouds in the outer
regions of the torus, which are less occulted. Recall that when cloud occultation is not included
the response at delays τ > 1/Y is dominated by clouds on the side of the torus furthest from the
observer, which have more of their illuminated sides facing the observer.
As p becomes more positive, there are more clouds in the outer regions of the torus so the
response function tail is more affected because more clouds in the outer regions are occulted.
Lastly, when the torus is inclined edge-on, the emission from the clouds whose illuminated sides
are facing the observer is more strongly attenuated.The clouds on the side of the torus closer to the
observer (which respond first) dominate the response function peak/height at shorter delays despite
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having their non-illuminated side facing the observer. Thus the effects of cloud orientation are less
important and the response at longer delays within the core is suppressed. As p increases the main
differences between the response functions of models with and without cloud occultation occur in
the tail, which is more suppressed for models which include cloud occultation. This is because the
majority of clouds are further from the illuminating central source, and are thus cooler, and are,
also, now more likely to be occulted.
As wavelength increases, the dust clouds emit more isotropically and the radiation is less at-
tenuated by intervening clouds. Therefore the core response at shorter delays is not affected but
at longer delays, and in the tail, there is more suppression due to the occultation of the clouds
furthest from the observer.
Variation with σ
The response functions comparing torus models that include and do not include cloud occul-
tation for an isotropically illuminated sharp-edged torus for various values of σ and i are shown
in Figures 4.69 - 4.70 for 3.6 and 30 µm. The figures of the response functions for the other
wavelengths can be found in the Appendix (Figures A.77 - A.79).
The affect of changing σ, when cloud occultation is implemented, on the torus response functions
is different depending on inclination. For instance, when the torus is oriented face-on with respect
to the observer, the response at longer delays within the core of the response function is more
suppressed as σ increases. This occurs because the width of the core in the face-on case is dependent
on the width of the torus (i.e., σ) for a given radial extent. Increasing σ increases the path length
through the torus, increasing the chance of occultation. Thus as the angular width increases the
core width increases and the effects of cloud occultation within are more noticeable. For low values
of σ the core is so narrow that the effects of cloud occultation, such as the suppression at longer
delays within the core, do not have the time to take effect. Also, the chances of occultation decreases
due to the shorter path length through the torus as σ decreases.
In the inclined case of i = 45◦, changes in σ causes larger changes in the response function
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Figure 4.69: Response functions for an isotropically illuminated torus with p = 0, Φ = 0.01, and
Y=10 at 3.6 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
60◦). The blue lines represent the torus models that does not have cloud occultation implemented,
the orange lines represent the torus models with cloud occultation implemented, and the black line
is the analytic spherical model. All models include cloud orientation.
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Figure 4.70: Response functions for an isotropically illuminated torus with p = 0, Φ = 0.01, and
Y=10 at 30 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
60◦). The blue lines represent the torus models that does not have cloud occultation implemented,
the orange lines represent the torus models with cloud occultation implemented, and the black line
is the analytic spherical model. All models include cloud orientation.
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shape due to occultation. For σ < 45◦ the same number of clouds are crammed in a smaller volume
(consequently increasing the number density) causing more clouds to be occulted. At i = 45◦, for
any value of σ ≤ 45◦, none of the clouds along the inner radius of the torus whose illuminated sides
face the observer are occulted, so they still dominate the response of the core.
For σ > 45◦ the opposite occurs, the clouds along the inner radius of the torus whose illumi-
nated sides face the observer will be partly occulted; hence cloud occultation effects become more
important. Due to the large width of the torus, the clouds along the inner radius whose illuminated
side is facing the observer are more likely to be occulted thus the relative amplitude between the
peak and the tail decreases causing the response at short delays to appear less suppressed and the
response function to widen.
Finally, when the torus is edge-on the response within the core at longer delays is less suppressed
(the relative amplitude of the response within the core at short and long delays decreases) as σ
increases. Again as σ increases the volume of the torus increases thus decreasing the cloud number
density causing fewer clouds to be occulted.
These effects are seen at all wavelengths. However, for longer wavelengths cloud occultation
affects the tail of the response function more than the core. Recall that the response function tail at
longer wavelengths is shallower than for shorter wavelengths. Also, the optical depth, τλ, is smaller
at longer wavelengths, so cloud occultation effects are weaker in general at these wavelengths. As
σ decreases more clouds are occulted, suppressing the response function at later delays. Given the
more gradual tail decays as wavelength increases the response functions at longer wavelengths have
more suppressed tail decays as σ decreases.
Variation with Φ
Figures 4.71 - 4.72 show the response functions comparing torus models that include and do
not include cloud occultation for an isotropically illuminated sharp-edged torus for various Φ and
i are shown in for 3.6 and 30 µm. The figures of the response functions for the other wavelengths
can be found in the Appendix (Figures A.80 - A.82).
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Figure 4.71: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations without cloud occultation, the purple
lines represent the simulations with cloud occultation for values of the average volume filling factor
ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical model. All
models include cloud orientation.
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Figure 4.72: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations without cloud occultation, the purple
lines represent the simulations with cloud occultation for values of the average volume filling factor
ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical model. All
models include cloud orientation.
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Changing Φ effectively causes more clouds to be occulted. Thus the largest differences between
the response functions when cloud occultation is included or not occur as Φ increases. There is
greater suppression of the response at longer delays within the core and the tail decays more slowly.
The same trends occur as described above when i increases, with a more suppressed response at
long delays within the core and a shallower tail decay.
Variation with Y
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Figure 4.73: Response functions for an isotropically illuminated torus with cloud occultation im-
plemented with σ=45◦; p=0; i=90◦; and Y=2, 5, 10, 20, 50 at 3.6 µm. The blue lines represent the
models that do not include cloud occultation, the purple lines are for the models with cloud occul-
tation, and the black line is the analytical sphere solution. All models include cloud orientation.
Figures 4.73 - 4.74 show the response functions comparing torus models that include and do not
include cloud occultation for an isotropically illuminated sharp-edged torus for various Y where
i = 90◦ and Φ = 0.01 are shown in for 3.6 and 30 µm, respectively. The figures of the response
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Figure 4.74: Response functions for an isotropically illuminated torus with cloud occultation im-
plemented with σ=45◦; p=0; i=90◦; and Y=2, 5, 10, 20, 50 at 30 µm. The blue lines represent the
models that do not include cloud occultation, the purple lines are for the models with cloud occul-
tation, and the black line is the analytical sphere solution. All models include cloud orientation.
functions for the other wavelengths can be found in the Appendix (Figures A.83 - A.85).
As Y, and wavelength, increases the response at short delays within the core becomes less
suppressed and the tail becomes stronger. This is due to the combination of both the cloud
occultation effects and cloud orientation effects on the response functions decreasing. For instance,
at 2.2 µm the response at short delays are all suppressed, whereas at 3.6 µm the peak of the core
response transitions from reaching its maximum height at long delays (τ ∼ 1/Y ) to reaching its
maximum height at short delays (τ ∼ 0) by Y = 5.
At long wavelengths (i.e., 10 and 30 µm) the shape of the response function for models that
include cloud occultation more resembles that of the models which do not include cloud occultation.
However, the cloud occultation response functions still have more suppressed responses at long
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delays within the core and shallower tail decays.
Variation with τV
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Figure 4.75: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV = 5 (left), 10, 20 (right) at 3.6 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
Figures 4.75 - 4.78 show the response functions comparing torus models that include and do
not include cloud occultation for an isotropically illuminated sharp-edged torus for various τV and
i where Y = 10, σ=45◦, and Φ = 0.01 are shown in for 3.6 and 30 µm, respectively. The figures
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Figure 4.76: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV = 40 (left), 100 (right) at 3.6 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure 4.77: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV = 5 (left), 10, 20 (right) at 30 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure 4.78: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV = 40 (left), 100 (right) at 30 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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of the response functions for the other wavelengths can be found in the Appendix (Figures A.86
- A.91).
The degree to which a cloud’s emission is attenuated occultation at a particular wavelength is
dependent on the specified value of the dust cloud optical depth (τV ) and the extinction coefficient
at that wavelength (see Section 2.3). The optical depth at a particular wavelength, τλ essentially
decreases as wavelength increases (except at 10 µm where τ10 > τ3.6). Thus cloud occultation
attenuates the emission at shorter wavelengths more severely as τV increases.
In Figures 4.75 - 4.78, we see that the effects of cloud occultation on the response function
change for different τV . For instance, focusing first at shorter wavelengths (i.e., Figures 4.75 - 4.76)
when τV = 5 dust clouds essentially emit isotropically at all wavelengths, thus cloud orientation
effects do not play a role. Thus the cloud occultation effects on the response function only act to
suppress the response at longer delays within the core and the maximum peak/height within the
core is dominated at short delays. Therefore, although clouds are essentially optically thin in the
IR at τV = 5, the response function is still modified if there are enough occulting clouds.
However, as optical depth increases the dust clouds emit more anisotropically, and their emission
at shorter wavelengths is more attenuated. Since cloud orientation effects decrease as wavelength
increases the effects of cloud occultation (suppressing the response function core at longer delays)
tend to dominate the response sooner as wavelength increases and as optical depth increases.
For instance, at 3.6 µm the effects of cloud orientation are stronger than the effects of cloud
occultation for τV = 100 which is why the response at shorter delays in the core is more suppressed.
At 2.2 µm the effects of cloud orientation dominate the response function by τV = 40, and at 4.5
µm the effects of cloud orientation are dominant at all optical depths. At 30 µm (Figures 4.75
- 4.76) the dust emits nearly isotropically at all optical depths thus the effects of cloud occultation
only act to suppress the response at longer delays within the core (primarily when the torus is
oriented edge-on with respect to the observer.
The effects of cloud occultation with respect to inclination are essentially the same for each
optical depth and were discussed in detail above.
184
Chapter 4. Radiative Transfer RF Results
Variation with Φ and torus surface boundary
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Figure 4.79: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 3.6 µm. The purple lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure 4.80: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 30 µm. The purple lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figures 4.79 - 4.80 show the response functions comparing torus models that include cloud
occultation for an isotropically illuminated torus with either a sharp or fuzzy surface boundary for
various Φ and i where Y = 10, σ=45◦, and p = 0 at 3.6 and 30 µm, respectively. The figures of the
response functions for the other wavelengths can be found in the Appendix (Figures A.92 - A.94).
As before we see that the main effect of introducing a fuzzy torus surface boundary is to widen
and smear out the response function. Also, in these models the response functions are even more
affected by cloud occultation. In the face-on case the response begins at earlier delays due to more
clouds residing on isodelay surfaces closer to the observer. Also, in general, there is less chance of
occultation at higher values of β (> σ), so clouds around the “fuzzy edge” will contribute more
emission to the response.
The differences between the response functions for sharp and fuzzy boundaries are larger at
i = 45◦ than in the models that do not include cloud occultation. Due to the fuzzy edge of the
torus, there are more clouds along the line of sight to the observer which also means there are
stronger occultation effects since “foreground” clouds can now occult the clouds on the side of
the torus furthest from the observer. Thus the response functions at this inclination are more
suppressed at later delays within the core.
In the edge-on torus case, the response of the tail decay is actually stronger when the torus
boundary is fuzzy. Thus the fuzzy boundary has the effect of smearing out the response function
of the torus.
These features are similar for all the wavelengths, with the response functions at shorter wave-
lengths being affected the most. The main effect of changing the surface boundary from sharp to
fuzzy in these models is to enhance the effects of cloud occultation on the response function.
Variation with p when Anisotropically Illuminated
Figures 4.81 - 4.82 show the response functions comparing torus models that include cloud
occultation for either an isotropically or anisotropically illuminated torus for various p and i where
Y = 10, σ=45◦, and Φ = 0.01 at 3.6 and 30 µm, respectively. The figures of the response functions
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Figure 4.81: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦, Φ = 0.01, and Y=10 at 3.6 µm, where each row represents a different inclination from top
(i=0◦) to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The orange lines represent a torus that is illuminated isotropically, the red lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure 4.82: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦, Φ = 0.01, and Y=10 at 30 µm, where each row represents a different inclination from top
(i=0◦) to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The orange lines represent a torus that is illuminated isotropically, the red lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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for the other wavelengths can be found in the Appendix (Figures A.95 - A.97).
Anisotropic illumination affects the torus response in essentially the same way in these models
as when cloud occultation was not included (see Figures 4.37 - 4.38). The main effects on the
response function when the torus is illuminated anisotropically are that the response function is
typically narrower especially in less inclined torus models and the peak of the core is shifted to
shorter delays.
The only difference between the response functions in Figures 4.79 - 4.80 to those in Figures 4.37
- 4.37 is that cloud occultation is included in the former. Thus the responses at longer delays
within the core are more suppressed, particularly when i = 0◦ & 90◦. The response functions at all
wavelengths are affected in much the same way by anisotropic illumination and cloud occultation.
4.7.2 Descriptive Parameters
Variation with p
Figure 4.83 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation effects where p is varied and Φ=0.01,
i=0◦, and Y=10. The descriptive parameters for other inclinations can be found in the Appendix
(Figures A.98 - A.99).
Including cloud occultation in the torus models causes the RWD to change slightly less as p
increases, due to the increase in strength of the response function tail decay at larger p. In general,
the RWD does not really change much when cloud occultation is included, with the enhanced tail
strength counteracting the “sharper core”.
The RWD/LWR changes much more dramatically with p when cloud occultation is included in
the torus models than when it was not included. For the first time in this study we even see that
RWD/LWR< 1 in some cases; that is, the LWR is actually greater than the RWD for the extreme
values of p and i.
In the cloud occultation torus models, the CTAR changes less with increasing p, again with a
very similar behavior as the torus models without cloud occultation. The main consequence of cloud
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Figure 4.83: Response function descriptive parameters for isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=0◦, and Y=10 with respect to different values of p at select wavelengths. The
circles and solid lines represent torus models with cloud occultation, and the stars and dashed lines
represent the torus models without cloud occultation. All models include cloud orientation. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The analytic spherical
solution is plotted as a dashed-dotted black line for comparison.
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occultation is to effectively decrease the emission from clouds furthest from the observer, therefore
increasing the response at shorter delays and suppressing that at longer delays. As inclination
increases the CTAR changes with increasing p even less.
Variation with σ
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Figure 4.84: Response function descriptive parameters for various simulation runs for a torus with
p = 0, Y=10, and i = 0◦ illuminated isotropically with cloud occultation (circles and solid lines)
or without cloud occultation (stars and dashed lines) with respect to different values of σ at select
wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All
models include cloud orientation. The analytic spherical solution is plotted as a solid black line for
comparison.
Figure 4.84 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation where σ is varied and Φ=0.01, p = 0
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and Y = 10. The descriptive parameters for other inclinations can be found in the Appendix
(Figures A.100 - A.101).
In general, when cloud occultation is included the RWD follows the same trends as in the torus
models without cloud occultation. However, the RWD are all larger for the models that include
cloud occultation, due to the more gradual tail decay despite the peak core response occurring at
shorter delays.
The most notable difference between the RWD of the two models occurs at i = 90◦. The RWD
for λ < 30µm all decrease more quickly as σ increases. At this inclination the cloud occultation and
cloud orientation effects are strongest causing larger changes in the shape of the response function
and hence the response function descriptive parameters.
The RWD/LWR essentially follows the same trends with increasing σ when cloud occultation is
included in the torus models as when it was not included. The values of RWD/LWR are typically
smaller for the torus models that include cloud occultation. Also, by i = 90◦ the RWD/LWR barely
changes and is less than 1 at 30 µm. Note again that this effect is fairly small compared to the
RWD/LWR at shorter wavelengths which reaches up to ∼ 1.5.
The CTAR again show fairly similar trends for the models that either include or do not include
cloud occultation. However, in this case the largest differences occur in the face-on models. When
i = 0◦, the CTAR values for all λ > 3.6µm increase as σ increases starting from σ = 30◦. This
occurs because as σ increases the response at longer delays within the torus is less suppressed
and the effects of cloud occultation are smaller as wavelength increases. Note that in the inclined
models the CTAR values are typically larger for the models that include cloud occultation.
Variation with Φ
Figure 4.85 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation effects where Φ is varied and i = 0◦,
p = 0 and Y = 10. The descriptive parameters for other inclinations and values of p can be found
in the Appendix (Figures A.102 - A.112).
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Figure 4.85: Response function descriptive parameters for isotropically illuminated tori with p=0,
i=0◦, and Y=10. The circles and solid lines represent torus models with cloud occultation, and the
stars and dashed lines represent the torus models without cloud occultation. All models include
cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
The changes in the descriptive parameters with respect to changes in Φ appear to vary in
different ways as p changes. For instance, as p increases the RWD changes from increasing as Φ
increases to decreasing as Φ increases. Also, for the most part when the RWD decreases as Φ
increases the values of the RWD are smaller than the RWD in the models that do not include cloud
occultation, and vice versa. Because the response for torus models with p = −2 has a very narrow
core, as more clouds are occulted the largest change in the torus response is seen in the tail decay
which is shallower as Φ increases. As p increases there are more clouds in the outer regions of
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the torus which dominate the tail portion of the response function. However, as Φ increases more
clouds are occulted thus the response from the tail is more suppressed leading to smaller RWD at
larger p values as Φ increases.
As inclination increases the values of the RWD at each Φ value increase with the values at
shorter wavelengths increasing faster and more dramatically. For instance, the change in RWD
with Φ is nearly a factor of 2 at 2.2 µm for p = −2 and i = 90◦. The descriptive parameters at
30 µm tend to change the least and are thus more independent of i. Cloud occultation can cause
the response lag from the torus to be either smaller or larger than when cloud occultation is not
included depending on the parameters Φ and p.
The ratio between the RWD and LWR decreases as Φ increases for all i and p. The changes of
RWD/LWR with respect to Φ are more gradual when i = 45◦. Also, the values of RWD/LWR at
most wavelengths when Φ = 0.01 are < 1 at i = 0 & 90◦. Thus the RWD underestimates the LWR
in most cases when cloud occultation is included. The values of RWD/LWR are larger for shorter
wavelengths in all cases.
The core area to total response function area ratio follows the same trends as the RWD but in
opposite directions. For instance, as p increases the variation of CTAR with respect to Φ changes
from decreasing as Φ increases to increasing as Φ increases. Also, as p increases the changes
of CTAR with respect to i and Φ increase as wavelength increases. In other words, at larger p
values the CTAR changes more at longer wavelengths than at shorter wavelengths. Thus the torus
response at longer wavelengths is more sensitive at larger values of p and i, to changes in Φ than
the response at shorter wavelengths.
Variation with Y
Figure 4.86 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation effects where Y is varied for i=0◦,
Φ=0.01, p = 0, and σ = 45◦. The descriptive parameters for other inclinations can be found in the
Appendix (Figures A.113 - A.114).
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Figure 4.86: Response function descriptive parameters for isotropically illuminated tori with cloud
occultation where p=0, i=0◦, and Φ=0.01 when varying Y as the circles and solid lines. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a solid black line for comparison.
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The descriptive parameters for the models with cloud occultation when Y is varied change in
much the same way as the analytic spherical models and the torus models without cloud occultation
(see Figure 4.31). The RWD decreases as Y increases. The values of the RWD increase as i increases
with the shorter wavelengths increasing faster. However, the RWD decreases more slowly and is
lower in value (at lower Y values) for the models with cloud occultation than for the models without
cloud occultation.
The RWD/LWR vary the most at lower Y values and then flatten off as Y increases. Also,
the range of RWD/LWR increases and then decreases as i increases. At i = 0◦, the RWD/LWR
converges to ∼ 1 at all wavelengths, but at i = 45◦, there is a wide range of RWD/LWR with
high values ∼ 1.7 at the shortest wavelengths The values of RWD/LWR increase as wavelength
decreases.
The CTAR at all wavelengths, except 2.2 µm, and all inclinations decrease as Y increases. At
2.2 µm the change in CTAR transitions from increasing as Y increases after Y = 2 when i = 0
and 45◦ to decreasing as Y increases in the edge-on case. These differences is due to importance of
cloud occultation effects compared to the importance of cloud orientation at different inclinations.
As i increase the values of CTAR at each Y value decreases with shorter wavelengths decreasing
faster.
For the most part cloud occultation does not affect the general changes of the descriptive
parameters when Y is varied. The RWD are lower in value and do not change as much as Y
increases, and CTAR values change more steeply as Y increases causing larger differences in CTAR
as Y increases when the models include cloud occultation. The largest difference that occurs when
cloud occultation is introduced is at 2.2 µm when the CTAR actually decreases at every value as
Y increases.
Variation with τV
Figure 4.87 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation effects where τV is varied for i=0
◦,
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Figure 4.87: Response function descriptive parameters for various simulation runs for an isotropi-
cally illuminated torus with p = 0, i = 0◦, σ = 0◦, and Y = 10 with cloud occultation (circles and
solid lines) or without cloud occultation (stars and dashed lines) with respect to different values of
τV at select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). All models include cloud orientation.
Φ=0.01, p = 0, and σ = 45◦. The descriptive parameters for other inclinations can be found in the
Appendix (Figure A.115 - A.116).
The descriptive parameters RWD and CTAR for the models that include cloud occultation
change with increasing τV in the same way as the models that do not include cloud occultation,
but with steeper slopes especially at larger inclinations. The models that include cloud occultation
generally have lower values of the RWD. However, the values of CTAR for the models with cloud
occultation are either higher or lower than the CTAR values from the models without cloud oc-
cultation depending on the inclination. As inclination changes from face-on to inclined at 45◦ to
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edge-on the CTAR values change from larger to smaller to larger again. The values are lower for
the cloud occultation models at i = 45◦ because the tail decay is less suppressed whereas the core
is barely different than the models that do not include cloud occultation.
The RWD/LWR also change in very similar ways for the torus models that include and do not
include cloud occultation. Due to the slightly larger RWD of the models with cloud occultation the
values of the RWD/LWR are lower than the equivalent RWD/LWR values for the models without
cloud occultation.
Variation with surface boundary and Φ
Figure 4.88 shows the response function descriptive parameters for an isotropically illuminated
torus that includes cloud orientation and cloud occultation effects with a sharp or fuzzy torus edge
where Φ is varied for i=0◦, Y=10, p = 0, and σ = 45◦. The descriptive parameters for other
inclinations can be found in the Appendix (Figures A.117 - A.118).
Due to the larger cloud occultation effects when the torus surface boundary is fuzzy the RWD
increases as Φ increases (as more clouds are occulted). The shortest wavelengths are affected the
most, with RWD increasing the most with increasing Φ at 2.2 µm. As inclination increases the
differences between the RWD for the sharp and fuzzy edged torus models decrease and become very
similar in trend and value. At i = 90◦ the RWD is even slightly smaller in value for the fuzzy-edged
torus models.
Interestingly the RWD for the fuzzy-edged models do not appear to change with inclination.
The ratio of the RWD to LWR also does not appear to change. Whereas the RWD/LWR for the
sharp-edged models increases as inclination increases and also have (mostly) larger values than the
fuzzy-edged torus models.
The CTAR decreases as Φ increases at shorter wavelengths but is nearly constant at longer
wavelengths. The values of CTAR decrease at shorter wavelengths as i increases and increase
at longer wavelengths at a much slower rate. The general trend of CTAR does not change as
inclination increases.
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Figure 4.88: Response function descriptive parameters for isotropically torus with p=0, i=0◦, and
Y=10 with respect to different values of Φ at select wavelengths. The circles and solid lines represent
a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. Both tori include
cloud orientation and cloud occultation. The colors represent the different wavelengths (2.2, 3.6,
4.5, 10, and 30 µm). The analytic spherical solution is plotted as a solid black line for comparison.
200
Chapter 4. Radiative Transfer RF Results
Compared to the sharp-edged torus case the descriptive parameters for the models with the
fuzzy-edged torus are essentially independent of changes in inclination. The largest differences
between the RWD and CTAR between the models with the different surface boundaries occur at
large values of Φ and values of i < 90◦. In these cases, the effect of the fuzzy surface boundary on
the torus is similar to increasing σ. Due to the lower density of clouds above the torus equatorial
plane, the clouds responding at shorter delays suffer less occultation and are effectively increasing
the width of the response function.
Variation with p when Anisotropically Illuminated
Figure 4.89 shows the response function descriptive parameters for an isotropically and anisotrop-
ically illuminated torus that both include cloud orientation and cloud occultation effects where p
is varied for i=0◦, Y=10, Φ = 0.01, and σ = 45◦. The descriptive parameters for other inclinations
can be found in the Appendix (Figure A.119 - A.120).
The descriptive parameters for the anisotropically illuminated torus models all follow similar
trends as p increases as the isotropically illuminated models. The descriptive parameters change
more rapidly/steeply in the cloud occultation models that are illuminated anisotropically.
When the torus is illuminated anisotropically the RWD at each wavelength at each p decreases in
value while the CTAR increases in value compared to the isotropically illuminated torus models. As
inclination increases the RWD for the anisotropically illuminated torus models increase at shorter
wavelengths much faster than the equivalent RWD values for the isotropically illuminated torus.
The RWD at longer wavelengths decrease less quickly.
In general the RWD is smaller in value when the torus is illuminated anisotropically. However,
as inclination increases the differences between the RWD for the anisotropically and isotropically
illuminated torus models decrease.
The RWD/LWR are usually slightly larger in value for the torus models that are illuminated
anisotropically.
The values of CTAR are typically larger for the anisotropically illuminated torus models. As i
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Figure 4.89: Response function descriptive parameters for an isotropically or anisotropically torus
with σ = 45◦, Φ = 0.01, i=0◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent the isotropically illuminated torus, and the stars and dashed
lines represent the anisotropically illuminated torus. Both tori include cloud orientation and cloud
occultation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30µm). The
analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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increases the values at each p decrease with the anisotropically illuminated CTAR values decreasing
faster. By i = 90◦ the CTAR values for both torus models are essentially the same, although slightly
larger for the anisotropically illuminated models.
4.8 Disk models: “Complete” Radiative Transfer Treatment
4.8.1 Response Functions
The previous sections of this chapter have individually explored the effects of different radiative
transfer treatments that are included in TORMAC in order to understand their role in modifying
the response functions from the torus. In this section, all of these treatments are combined in
order to properly model, and explore, the response of a globally optically thick torus. Therefore
all the new models presented in this section include cloud orientation, cloud shadowing, and cloud
occultation. For comparison, most response function plots shown in this section also show the
models that only include cloud orientation, which is effectively a globally optically thin torus filled
with optically thick dust clouds.
Variation with Φ
Figures 4.90-4.91 show the response functions comparing torus models that only include cloud
orientation with those that include the complete radiative transfer treatment for an isotropically
illuminated sharp-edged torus for various Φ and i for 3.6 and 30 µm, respectively. The figures of the
response functions for the other wavelengths can be found in the Appendix (Figures A.121-A.123).
The response functions for a globally optically thick torus differ from the cloud orientation only
response functions more as Φ increases, since changes in Φ govern the amount that clouds are both
occulted and shadowed. Interestingly, the response functions at 2.2 and 30 µm and Φ = 0.001 where
the complete radiative transfer treatment is included look essentially the same as the models that
do not include cloud shadowing and cloud occultation. However, in general, the response functions
for the models with cloud occultation approach those of the cloud orientation only models as Φ
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Figure 4.90: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations with only cloud orientation included,
the orange lines represent the simulations with all of the radiative transfer treatments included for
values of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black
line is the analytic spherical transfer function. All models include cloud orientation.
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Figure 4.91: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations with only cloud orientation included,
the orange lines represent the simulations with all of the radiative transfer treatments included for
values of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black
line is the analytic spherical transfer function. All models include cloud orientation.
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decreases. Otherwise, as wavelength decreases the response functions change more as Φ increases,
because optical depths are small at longer wavelengths; reducing the effect of cloud occultation and
cloud orientation.
At λ ≤ 4.5µm and Φ ≥ 0.01, all of the response functions in the face-on and edge-on cases reach
their peak height at short delays (τ ∼ 0). Thus the effects of cloud shadowing and cloud occultation
have a larger affect on the response functions than cloud orientation at these wavelengths. When
i = 45◦, the response function at every wavelength reaches its peak height at later delays within
the core.
In general, as Φ increases the responses at short delays dominate the core and the tail decays
more steeply. Thus the response function width decreases as Φ increases for the most part.
Based on the features identified in Sections 4.4 - 4.7, we can tell what radiative transfer processes
have the most influence on the response functions at least to a first level approximation. For
instance, cloud shadowing tends to cause steeper tail decays. The narrower width, and sharper
peak and earlier peak within the core can generally be attributed to cloud occultation.
In general, at larger values of Φ cloud occultation has a larger effect on the core and cloud
shadowing has a larger effect on the tail. As Φ decreases fewer clouds are occulted and/or shadowed
so cloud orientation effects start to play a larger role especially at shorter wavelengths. Cloud
orientation effects also play a larger role on the responses at intermediate inclinations, where the
clouds along the inner radius on the side furthest from the observer are not occulted.
Variation with p
Figures 4.92-4.93 show the response functions comparing torus models that only include cloud
orientation with those that include the complete radiative transfer treatment for an isotropically
illuminated sharp-edged torus for various p and i for 3.6 and 30 µm, respectively. The figures of the
response functions for the other wavelengths can be found in the Appendix (Figures A.124-A.126).
The response functions for a globally optically thick torus show significant differences for every
p and i value compared to those of the models where the torus is globally optically thin. The
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Figure 4.92: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 3.6 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The blue lines represent simulations with only cloud orientation included, the
orange lines represent the simulations with all of the radiative transfer treatments included, and
the black line is the analytic spherical transfer function. All models include cloud orientation.
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Figure 4.93: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 30 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The blue lines represent simulations with only cloud orientation included, the
orange lines represent the simulations with all of the radiative transfer treatments included, and
the black line is the analytic spherical transfer function. All models include cloud orientation.
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changes become smaller as wavelength increases. In general, the response functions for the globally
optically thick torus models have steeper tail decays at all p values and wavelengths. The one
exception is when p = −2 for 30 µm where the tail decays slightly slower for the models with the
complete radiative transfer treatment.
For larger values of p the main difference between the two torus models is that the tail of the
response decay is steeper when the torus is globally optically thick. However, when p ≤ 0 the main
differences are the steeper tail decays and the generally narrower response function width.
In fact, the changes seen in the core of the response functions as p decreases are similar to the
changes in the core that were observed when Φ increases. Thus increasing p at a particular Φ value
essentially strengthens the cloud shadowing and occultation effects on the response function core.
Variation with i at Y = 2
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Figure 4.94: Response functions for an isotropically illuminated torus with σ=45◦; Y=2; Φ = 0.01;
p = 0; when varying i from from i=0◦ (left) to i=90◦ (right) at 3.6 µm. The blue lines represent
simulations with only cloud orientation included, the orange lines represent the simulations with
all of the radiative transfer treatments included, and the black line is the analytic spherical transfer
function. All models include cloud orientation.
Figures 4.94-4.95 show the response functions comparing torus models that only include cloud
orientation with those that include the complete radiative transfer treatment for an isotropically
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Figure 4.95: Response functions for an isotropically illuminated torus with σ=45◦; Y=2; Φ = 0.01;
p = 0; when varying i from from i=0◦ (left) to i=90◦ (right) at 30 µm. The blue lines represent
simulations with only cloud orientation included, the orange lines represent the simulations with
all of the radiative transfer treatments included, and the black line is the analytic spherical transfer
function. All models include cloud orientation.
illuminated sharp-edged torus with Y = 2 for various i for 3.6 and 30 µm, respectively. The figures
of the response functions for the other wavelengths can be found in the Appendix (Figures A.127-
A.129).
The basic shape of the response function is the same for the same values of p and Φ as when
Y = 10. However, now the response function core is wider since the width of response function
core ∼ 1/Y , allowing us to see more details in the response function core than is possible for larger
Y values.
One difference in the torus response functions when Y = 2 and the torus is globally optically
thick is that they are slightly narrower than the response functions for Y = 2 when the torus is
globally optically thin. Thus the tail decays are actually steeper for the Y = 2 cases than when
Y = 10. Also the differences within the core are smaller and the core is more dominated by cloud
orientation effects, when comparing the response functions at different Y for the globally optically
thick models. This is probably due to the smaller range in cloud surface temperature within the
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torus when Y is small.
The response functions are most similar at i = 45◦, because the observer sees illuminated
surfaces of inner clouds on the side of the torus furthest from the observer which are not occulted.
Variation with Φ when Anisotropically Illuminated
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Figure 4.96: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
Φ = 0.01; when varying i from from i=0◦ (left) to i=90◦ (right) at 3.6 µm. The orange lines
represent simulations with an isotropically illuminated torus and the orange lines represent the
simulations with an isotropically illuminated torus. The black line is the analytic spherical transfer
function. All models include the “complete” radiative transfer treatment.
Figures 4.96-4.97 show the response functions comparing torus models that include the complete
radiative transfer treatment for either an isotropically or anisotropically illuminated sharp-edged
torus with Y = 10 for various i for 3.6 and 30 µm, respectively. The figures of the response functions
for the other wavelengths can be found in the Appendix (Figures A.130-A.132).
Anisotropic illumination of the torus has essentially the same affects on the response functions
for the globally optically thick torus as have been previously discussed. Specifically, the response
function has a narrower width and responds/peaks at shorter delays.
However, there is also an inclination dependence. For instance, anisotropic illumination has a
much lower effect on the edge-on disk response functions, particularly at longer wavelengths.
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Figure 4.97: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
Φ = 0.01; when varying i from from i=0◦ (left) to i=90◦ (right) at 30 µm. The orange lines
represent simulations with an isotropically illuminated torus and the orange lines represent the
simulations with an isotropically illuminated torus. The black line is the analytic spherical transfer
function. All models include the “complete” radiative transfer treatment.
4.8.2 Descriptive Parameters
Variation with Φ
Figures 4.98-4.100 show the descriptive parameters of the models with the complete radiative
transfer treatment compared to the models with only the cloud orientation treatment implemented
as Φ is varied for a torus illuminated isotropically with Y = 10, p=0, and σ=45◦, for i = 0, 45,
and 90◦, respectively. However, note that the descriptive parameters for the cloud orientation only
models do not depend on Φ.
The RWD for the globally optically thick torus models are typically smaller at every inclination
than the globally optically thin torus models. As inclination increases the values of the RWD
increase, except at Φ = 0.01 where the RWD decreases from i = 45◦ to i = 90◦ due to the shift in
the response function peak to shorter delays. As before, the change in RWD is larger at shorter
wavelengths. For instance, at shorter wavelengths (≤ 4.5µm) the RWD can be as low as 0.05 (i.e.,
half of 1/Y ). In the globally optically thin case, cloud orientation has more of an affect on the torus
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Figure 4.98: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=0◦, σ=45◦, and Y=10. The circles and solid lines represent the models with the “complete”
radiative transfer treatment, and the stars and dashed lines represent the models with only cloud
orientation implemented . Both tori have a sharp surface boundary and include cloud orientation.
The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The black line
represents the analytic solution for a spherical shell with blackbody clouds.
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Figure 4.99: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=45◦, σ=45◦, and Y=10. The circles and solid lines represent the models with the “complete”
radiative transfer treatment, and the stars and dashed lines represent the models with only cloud
orientation implemented . Both tori have a sharp surface boundary and include cloud orientation.
The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The black line
represents the analytic solution for a spherical shell with blackbody clouds.
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Figure 4.100: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=90◦, σ=45◦, and Y=10. The circles and solid lines represent the models with the “complete”
radiative transfer treatment, and the stars and dashed lines represent the models with only cloud
orientation implemented . Both tori have a sharp surface boundary and include cloud orientation.
The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The black line
represents the analytic solution for a spherical shell with blackbody clouds.
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response when the torus is edge-on. However, as Φ increases from 0.001 to 0.01 cloud shadowing
and occultation effects begin to dominate, thus counteracting the effects of cloud orientation.
The RWD/LWR decreases as Φ increases, with the values decreasing faster as wavelength
decreases at i = 0◦ and 90◦. The RWD/LWR with respect to Φ decreases faster when i = 90◦
than at i = 0◦, thus the range of RWD/LWR is larger for the edge-on case. Also, the values of
RWD/LWR are < 1 at all wavelengths at Φ = 0.1 for both inclinations and < 1 at all wavelengths
but 2.2 µm at Φ = 0.01 and i = 90◦.
Due to the fact that the shape the response function barely changes at i = 45◦, the RWD/LWR
is very similar in value to the RWD/LWR of the globally optically thin torus. The values slowly
diverge as Φ increases, with the values of RWD/LWR at λ ≥ 3.6µm for the globally optically thick
models becoming smaller than the globally optically thin models, and those at 2.2 µm increasing.
Finally the CTAR is typically larger for the models that include the complete radiative transfer
treatment than when only cloud orientation is included. As inclination increases the CTAR at
shorter wavelengths decrease with the shortest wavelengths changing in value the most. At all
inclinations the values of CTAR increase at 30µm, and decrease at 4.5 µm.
As Φ increases the CTAR for the models with the complete radiative transfer treatment increases
when i = 0◦. However, as i increases the CTAR at longer wavelengths tend to decrease as Φ
increases from 0.01 to 0.1. Lastly, when i = 90◦ the CTAR decreases at all wavelengths as Φ
increases from 0.01 to 0.1.
Variation with p
Figures 4.101-4.103 show the descriptive parameters of the models with the complete radiative
transfer treatment compared to the models with only the cloud orientation treatment implemented
as p is varied for a torus illuminated isotropically with Y = 10, Φ=0.01, and σ=45◦ for i = 0, 45,
and 90◦, respectively.
The RWD for the models with the globally optically thick torus follow the same general trend
as p increases as the RWD for the models where only cloud orientation was included. However, the
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Figure 4.101: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=0◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent torus models with the “complete” radiative transfer treatment,
and the stars and dashed lines represent the torus models with only cloud orientation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical shell solution is plotted as a dashed-dotted black line for comparison.
217
Chapter 4. Radiative Transfer RF Results
−2 −1 0 1 2 3 4
p
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
R
W
D
Complete TORMAC, iso: Y=10, i=45, vff=0.01, sig=45
−2 −1 0 1 2 3 4
p
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
R
W
D
/L
W
R
−2 −1 0 1 2 3 4
p
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
a
re
a
 c
o
re
/t
o
ta
l 
a
re
a
λ=2.2
λ=3.6
λ=4.5
λ=10
λ=30
analytic
Figure 4.102: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=45◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent torus models with the “complete” radiative transfer treatment,
and the stars and dashed lines represent the torus models with only cloud orientation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical shell solution is plotted as a dashed-dotted black line for comparison.
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Figure 4.103: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=90◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent torus models with the “complete” radiative transfer treatment,
and the stars and dashed lines represent the torus models with only cloud orientation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical shell solution is plotted as a dashed-dotted black line for comparison.
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RWD is lower for the globally optically thick torus models, except for 30 µm when p = −2.
The RWD/LWR for both torus models are similar when p ≥ 2, with RWD/LWR for the globally
optically thick models having slightly lower values. However, when p < 2, the RWD/LWR decreases
as p decreases with the values decreasing faster at shorter wavelengths when i=0 and 90◦. At these
inclinations the RWD is actually smaller than the LWR at p = −2. In fact, RWD/LWR≈ 0.05 at
p = −2 and i = 90◦, for shorter wavelengths. The RWD/LWR when i=45◦ for the models where
the torus is globally optically thick still decrease as p decreases but much more slowly. Again, at
this inclination (i=45◦), the behavior of the response functions is similar for the globally optically
thick and globally optically thin models.
The CTAR for both models follow the same trend with p as the globally optically thin model,
but with the globally optically thick torus models typically having larger CTAR, except for i < 90◦
and p = −2 at 30 µm where the CTAR values are lower. As inclination increases the CTAR
values at all wavelengths for the models with only cloud orientation implemented decrease, with
the values at shorter wavelengths decreasing faster. When the torus is globally optically thick
the CTAR values decrease as inclination increases at shorter wavelengths but increase at longer
wavelengths (CTAR for 10 µm decreases from i=0◦ to i=45◦ and then increase from i=45◦ to
i=90◦).
Variation with Y and i
Figure 4.104 shows the descriptive parameters of the models with the complete radiative transfer
treatment compared to the analytic solution for a spherical shell as Y is varied for a torus illuminated
isotropically with p = 0, Φ=0.01, and σ=45◦ for i = 0, 45, and 90◦, from left to right respectively.
The RWD is much different with respect to wavelength at the different Y values. In general, the
RWD at shorter wavelengths increase as i increases with the values at shorter wavelengths increasing
faster. The values of RWD at longer wavelengths appear to decrease with their differences with
respect to Y decreasing as i increases. In other words the change of RWD with respect to Y is
shallower as i increases.
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Figure 4.104: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, p = 0, and Φ = 0.01 with the “complete” radiative transfer treatment with respect to
different values of Y at select wavelengths. Each column represents the parameters when i = 0◦
(left), i = 45◦ (middle), and i = 90◦ (right). The colored circles represent the different wavelengths
(2.2, 3.6, 4.5, 10, and 30 µm). The black line represents the analytic solution for a spherical shell
with blackbody clouds.
In particular, for Y = 2 the RWD is larger than the analytical values for all wavelengths. Also,
the RWD increase with i at different rates so the spread of values with wavelength is much larger
at i = 90◦. For Y = 10, the RWD straddles the analytical values, with RWDana >RWDλ≤4.5 and
RWDana <RWDλ>4.5. The RWD for Y = 10 increases slowly with increasing inclination and has a
large spread of RWD at all i.
Recall that the RWD at shorter wavelengths decrease as Y increases much faster than for longer
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wavelengths, which is why there is a switch in the order of the RWD with respect to wavelength as
Y changes from 2 to 10. At Y = 2 the cloud orientation effects are stronger so the RWD is larger
for shorter wavelengths. As Y increases the range in cloud surface temperature within the torus
increases but so does the path length. Thus as Y increases the core width decreases with respect
to the overall width of the response function and the processes that dominate the response within
the tail take over, namely cloud occultation and shadowing which have more effect on the response
at shorter wavelengths.
The RWD/LWR increases in range at each Y value as i increases. Also, the actual values
increase for λ ≤ 10µm and decrease for λ = 30µm as i changes from face-on to inclined at 45◦.
Then as i changes from 45◦ to edge-on the RWD/LWR decreases at all Y and λ except at Y = 2 at
2.2 µm. When the torus is edge-on the RWD<LWR for longer wavelengths. In comparison to the
analytical value (= 1), the model values are typically greater, and are larger for shorter wavelengths.
However, the spread in values with wavelength depends on inclination, with the larger spread and
highest values occurring at i = 45◦ for Y = 10, and at i = 90◦ for Y = 2. But also, the model
values are ≤ 1 for Y = 10 and i = 90◦ at all wavelengths except 2.2 µm.
Finally the CTAR tends to decrease at all wavelengths when Y = 2 and for shorter wavelengths
when Y = 10, and increase for longer wavelengths when Y = 10, as inclination increases. The
changes of CTAR with respect to Y are shallower for shorter wavelengths than for longer wave-
lengths. However, as i increases the slopes of CTAR with respect to increasing Y become larger as
wavelength decreases. Compared to the analytic values of CTAR the models tend to have weaker
cores (i.e., lower values of CTAR) at all wavelengths for Y = 2, and at longer wavelengths for
Y = 10.
Interestingly, the changes of the descriptive parameters especially the RWD and CTAR are
similar to the trends observed for the anisotropically illuminated torus cases when cloud shadowing
was included. Also, the values of the RWD and CTAR for the globally optically thick torus models
typically have a larger range but are similar in value to the models for which the torus is globally
optically thin.
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Variation with Φ when Anisotropically Illuminated
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Figure 4.105: Response function descriptive parameters for isotropically and anisotropically illu-
minated tori with p=0, Φ=0.01◦, σ=45◦, and Y = 10. The circles and solid lines represent an
isotropically illuminated torus, and the stars and dashed lines represent an anisotropically illumi-
nated torus. Both tori have a sharp surface boundary and includes all of the radiative transfer
treatments. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The
black line represents the analytic solution for a spherical shell with blackbody clouds.
Figure 4.105 shows the descriptive parameters of the models with the complete radiative transfer
treatment compared to the analytic solution for a spherical shell when the torus is either illuminated
isotropically or anisotropically with Y = 10, p = 0, Φ=0.01, and σ=45◦ for i = 0, 45, and 90◦, from
left to right respectively.
The descriptive parameters for the models for which the globally optically thick torus is anisotrop-
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ically illuminated follow the same trends as i increases as the models for which the torus is isotropi-
cally illuminated. However, the RWD and the RWD/LWR are lower in value for the anisotropically
illuminated torus models. The CTAR values are larger for the anisotropically illuminated models.
There are some differences in that the RWD is smaller than the LWR for shorter wavelengths
at i = 0◦ and for all wavelengths but 2.2 µm at i = 90◦. Also, the CTAR at 2.2 µm is larger than
at the longer wavelengths for the anisotropically illuminated torus models, where as it was smaller
than 3.6 and 4.5 µm in the isotropically illuminated case.
4.9 Chapter Summary and Conclusions
In this chapter, we explored the effects of dust radiative transfer on the torus IR emission
response. We presented models for a set of geometrical and structural torus parameters. The
parameter ranges chosen for the models presented here represent a wide range of geometrical con-
figurations and cloud distributions. The radial extent of the torus was varied from Y = 2 − 50
representing, respectively, a compact to an extended torus. Several values of the inclination of the
torus axis to the observer’s line of sight were also considered, ranging from i=0◦ (face-on) to 90◦
(edge-on). The power-law index of the radial cloud distribution has values of p = −2, 0, 2,+4, cor-
responding to cloud number density distributions n(r) ∝ r−4-r2, respectively. Finally, the angular
width of the dust distribution was chosen to represent a thin disk (σ =15◦) to, in the case of a
sharp edge, a sphere (σ =90◦). The parameter values Y =10, i =0, p =0, and σ=45◦ are those
used in our “standard” model. We also explored response functions for the more realistic “fuzzy”
torus models (clouds are distributed in altitude above the disk plane following a Gaussian in β).
The radiative transfer treatments that were explored were cloud orientation, cloud shadowing,
and cloud occultation. The effects of cloud occultation and cloud shadowing were tested for various
values for the torus volume filling factor from Φ = 0.001− 0.1. Also, the illumination of the torus
by the central source was changed from isotropic to anisotropic by varying the softening parameter
from sp = 0.01− 0.99, which changes the inner radius of the torus, Equation 2.3.
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The cloud emission at various wavelengths is determined as a function of cloud surface tem-
perature and cloud orientation angle by interpolation in a grid of radiative transfer models. The
radiative transfer calculations introduce two important effects which influence the response func-
tion. First, the variation of emitted flux with surface temperature (and hence radius, or time) is
strongly wavelength dependent, with the flux decreasing more rapidly with temperature at shorter
wavelengths. Second, the cloud emission is strongly anisotropic at shorter wavelengths, with the
difference between the output fluxes of the illuminated and non-illuminated sides of the cloud
becoming smaller as wavelength increases.
The first effect can be seen in Figures 4.1 and 4.3 - 4.7, which show that the more gradual
variation of the emitted flux with cloud surface temperature at longer wavelengths (10 and 30
µm) results in a slower decay of the response function tail, and a smaller amplitude. This is more
important for the models with Y = 10, since for Y = 2 there is a limited range in cloud surface
temperature between the inner (T = Tsub = 1500 K) and outer (T ≈1150 K) radii of the torus.
For Y = 10, the surface temperature at the outer radius is T ≈ 620 K and the response function
exhibits a much more gradual decay for τ > 1/Y at 30 µm, than at 3.6 µm. Thus the torus IR
emission responds to the AGN continuum variations more rapidly and with a larger amplitude at
shorter wavelengths than at longer wavelengths.
The fact that the cloud emission is anisotropic strongly affects the response functions at shorter
wavelengths. The response at short wavelengths is suppressed at short delays (τ ∼ 0) because
we are seeing the cool, non-illuminated surfaces of these clouds while, in contrast, the response at
longer wavelengths is barely affected. Therefore, the response functions show significant differences.
In general, the responses vary in similar ways as Y and p are varied. However, the response from the
models that include cloud orientation also now depend on i, whereas the response is independent
of i for the isotropically emitting clouds and blackbody clouds. The suppression of the response at
short delays also leads to an increase in the lag, or RWD depending on Y, p, and i, which will in
turn result in a longer lag at shorter wavelengths than would be the case if the cloud emission was
isotropic. Changes in σ and τV also slightly increase the lag for the models that include anisotropic
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cloud emission.
These results suggest that it is important to take into account anisotropic cloud emission due to
cloud orientation, and its wavelength dependence, when interpreting optical-IR lags derived from
time series analysis of light curves at IR wavelengths . 10µm. Neglecting this effect will lead
to an overestimation of the radius of the emitting region. In addition, cloud emission anisotropy
also has the effect of making the response function more sensitive to torus inclination at shorter
wavelengths, with the lag increasing as inclination increases.
Also, the optical-IR AGN SED changes with time due to variations of both the driving optical
continuum as well as the reverberation response of the IR torus emission. Therefore, even when
simultaneous observations are available one must take into account the reverberation response when
analyzing and modeling SEDs (Fausnaugh et al., 2016).
The introduction of cloud shadowing, when compared to the models that solely include cloud
orientation, counteracts to some extent, the effect of cloud orientation on the lag depending on the
amount of shadowing and the wavelength. The fraction of clouds that are shadowed is a function
of Y , p, and Φ so the effects of cloud shadowing on the response functions are more complicated.
For instance, as Φ increases more clouds are shadowed effectively resulting in a more centrally
concentrated cloud distribution, similar to decreasing p.
In general, this causes the response in the core at short delays to be less suppressed and the
tail to decay more steeply, leading to smaller RWD, or lags. However, the effects of large values
of Φ and p counteract each other leading to larger spreads in the lag at each wavelength (the lags
decrease more as wavelength decreases). On the other hand, when p = −2 the cloud distribution
is already extremely centrally concentrated so changes in Φ have little effect on the lag.
These effects on the response function are due to the isotropic emission from the shadowed clouds
heated by the diffuse radiation field and suppression of emission from shadowed outer clouds. The
degree of suppression decreases as wavelength increases, i.e., as wavelength increases the core is less
affected due to due to the nearly isotropic emission from clouds at longer wavelengths. The RWD
decreases at a faster rate as Y increases due to the steeper decay tail from cloud shadowing effects.
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Cloud shadowing effects on the response function are, also, more significant at larger inclinations.
It should be noted that the contribution of the indirectly heated clouds is likely overestimated
at higher values of Φ, since in the approximation adopted here, the diffuse radiation field is assumed
to come from neighboring directly heated clouds (Section 2.5.2). For higher values of Φ, most of the
directly heated clouds will be close to the inner edge of the torus and therefore the diffuse radiation
produced by these clouds will be attenuated by geometrical dilution, extinction, and also subject
to significant light travel delays.
The main effects of cloud occultation on the torus response are similar to turning the emission at
shorter wavelengths off for clouds furthest from the observer. This causes the hot clouds responding
at short delays to dominate the response function core by suppressing the emission coming from
the clouds furthest from the observer. Unlike other processes tested with TORMAC, this process
affects the response at all wavelengths.
The distribution of clouds within the torus when cloud occultation is included is the main factor
that determines whether or not the lag from the torus response is larger or smaller than for models
that do not include cloud occultation effects. For instance, the effects are strongest in the core
when p ≤ 0 because of suppression at longer delays (τ ∼ 1/Y ) due to the occultation of the clouds
closer to the inner torus radii on the side of the torus furthest from the observer. When p > 0 the
cloud occultation effects affect the tail of the response function, causing it to be suppressed because
more clouds reside at larger radii from the central source.
The effects of cloud occultation are very different on the response at different inclinations. For
instance, cloud occultation has very little effect on the response when i = 45◦. However, this is a
special case because at σ = 45◦ the clouds along the inner radius on the side of the torus furthest
from the observer are not occulted and thus dominate the response at long delays within the core.
Cloud occultation effects are also decreased because the line of sight for a cloud passes through
only half of the torus. This effect is also generally present as σ decreases as long as i ≤ σ. As σ
increases cloud occultation will have a larger effect.
The effects of cloud occultation on the response function with respect to different input param-
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eters are larger when i = 0◦ and largest when i = 90◦. That being said, for the most part, the
RWD increases only slightly as i increases.
The RWD for the models with cloud occultation barely change (very slight increase) as τV
increases at small inclinations. However, there is a larger increase with τV when i = 90
◦ because
of stronger attenuation from the dust emission due to a combination of larger optical depth and
more clouds being occulted. Changes in σ only have an effect on the lag when i = 90◦ causing it to
decrease slightly as σ increases. The RWD/LWR ratios for the cloud occultation models are closer
to 1 and even < 1 in some cases (which means that the lag underestimates the LWR).
It was useful to explore the radiative transfer treatments implemented in TORMAC on an
individual basis in order to understand their effects on the torus IR responses. However, all of
these processes are occurring at the same time within the torus. Thus we explored a limited
parameter space when all of the radiative transfer processes were included so that we may have a
better understanding of the processes that dominate the response for certain torus configurations.
This will be useful when trying to interpret the IR response to optical variations in AGN monitoring
campaigns.
With cloud orientation, cloud shadowing, and cloud occultation effects now included in TOR-
MAC, the responses we are analyzing are from a globally optically thick torus. In these models,
decreasing Φ decreases the effects of cloud shadowing and occultation thus recovering the glob-
ally optically thin torus filled with optically thick dust clouds (i.e., the models with only cloud
orientation implemented).
The responses from the globally optically thick torus are more sensitive to changes in Φ at all
wavelengths and inclinations, especially at shorter wavelengths. The largest changes occur when
the torus is oriented edge-on effectively causing the RWD, or lag, to increase as Φ ≥ 0.01. That
being said, the lag decreases as Φ increases in all other cases, and is actually smaller than the
models for the globally optically thin torus models except at 30 µm when p = −2.
The variations with Y and i were quite similar to the variations observed in the models with
cloud shadowing implemented, producing lags smaller than the models with only cloud orientation.
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In general, the responses from the globally optically thick torus result in a narrower response
function core width and steeper tail decays leading to overall smaller lags than when the torus is
globally optically thin. The combination of these radiative transfer features can decrease the lag
substantially (for certain combinations of parameters) and may at least partly explain the discrep-
ancy between the theoretical sublimation radius and measured K-band and mid-IR reverberation
lags (Koshida et al., 2014; Vazquez et al., 2015). For instance, in the face-on case RWD < 1/Y
(which is the inner radius light crossing time), and even RWD≈ 0.5(1/Y ) for p = −2.
Anisotropic illumination of the torus by the AGN continuum also dramatically changes the torus
response function in every model regardless of whether individual radiative transfer treatments or
the combination of radiative transfer treatments are used in TORMAC. As the dust sublimation
radius is, in this case, a function of polar angle, and is smaller near the equatorial plane than at
the poles, the response functions exhibit narrower widths, shorter lags, and typically sharper peaks
(but more blurred “dips” or changes within the core), regardless of the effects of cloud orientation,
cloud occultation, or cloud shadowing. However, the general shape of the response function remains
similar to that of the corresponding isotropically illuminated model. Also, in the cloud shadowing
fuzzy cases, the anisotropic models actually counteract the effects of cloud shadowing, causing
larger lags.
The softening parameter, sp governs how anisotropic the central source illumination is. We saw
that the main effects of anisotropic illumination are already present at sp = 0.1, while the response
function already resembles the counterpart for the isotropically illuminated torus by sp = 0.5.
Although the RWD, or lag, is smaller when the torus is anisotropically illuminated, the amount
that the lag is decreased is dependent on Y and i, but is most sensitive to p.
Compared to the isotropically illuminated cases, large differences are evident at all wavelengths.
In fact, at shorter wavelengths anisotropic illumination counteracts the suppression of the response
at short delays due to cloud orientation. The response function centroids for the anisotropically
illuminated torus are smaller by ∼ 35% at 3.6 µm and ∼ 30% at 30 µm than for the isotropically
illuminated torus with cloud orientation. Our results agree with the findings of Kawaguchi &
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Mori (2010, 2011) on the general point that anisotropic illumination of the torus can substantially
decrease the lag and may at least partly explain the discrepancy between the theoretical sublimation
radius and measured K-band and mid-IR reverberation lags (Koshida et al., 2014; Vazquez et al.,
2015). In the globally optically thick model, anisotropic illumination results in RWD∼ 0.05 (i.e.,
half 1/Y ), even for p = 0.
The distribution of clouds in β does not have a large effect on the shape of the response functions
for the models where the torus is globally optically thin; the response functions for “fuzzy” and
sharp-edged disks are qualitatively very similar. However, the fuzzy surface boundary has a larger
effect on the torus response functions when the torus is anisotropically illuminated, and when cloud
shadowing and/or cloud occultation is included.
The general difference when the surface boundary is fuzzy is a wider response function (especially
at i = 0) which is more “smeared” out. However, for the most part the shape of the response
function is similar to that for the sharp-edge torus model counterparts. Also, the RWD for the
fuzzy-edge torus models are larger than their sharp-edge counterparts when i = 0◦ and become
closer in value to their sharp-edged counterparts as inclination increases. The more dispersed cloud
distribution in the fuzzy-edge torus models decreases the effects of cloud shadowing, and increases
the effects of cloud occultation.
In Chapter 3, we saw that for an “ideal” flared disk, the RWD is a function only of Y and
p and that RWD=LWR. In this chapter, we have seen that when the radiative transfer processes
described above are implemented, these quantities (RWD and the RWD/LWR ratio) also depend
on λ, i, σ, and Φ. One interesting result from this chapter is that the RWD is never more (or less)
than a factor of 2.5 of the LWR. Thus even though the RWD/LWR changes with respect to various
input parameters and radiative transfer processes the lag measured from the torus response is still
a decent (within a factor of 2.5) indicator of the effective size for the torus at that wavelength.
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CHAPTER 5
SIMULATED LIGHT CURVE TIME LAG ANALYSIS
5.1 Introduction
So far only response functions, the responses to a single, short optical pulse, have been examined
in detail. As discussed in Chapter 4, the response functions display different signatures, which vary
with wavelength, due to cloud orientation, cloud shadowing, and cloud occultation effects, and also
differ between isotropically and anisotropically illuminated tori. However, can these signatures be
identified in observed light curves and what effect will they have on the lags recovered from time
series analysis?
To gain some insight into these questions, we have used TORMAC to compute simulated IR
light curves for selected models using the optical light curve of NGC 6418, one of the AGN observed
during the Spitzer monitoring campaign, as the input. It should be noted that our intent in pre-
senting these simulations is not to fit the observed IR light curves, but to demonstrate TORMAC’s
ability to simulate light curves and to illustrate the effects of the radiative transfer treatments
mentioned above on the IR response light curves.
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5.2 Spitzer Monitoring Campaign Observations and Data
In the first attempt to reverberation map the torus at MIR wavelengths, over 200 hours of
Spitzer Space Telescope time was obtained to monitor 12 Type 1 AGN. The main science goal of
this campaign is to probe the dust distribution that lies in between the innermost regions of the
torus that have been studied using K-band observations and the outer regions of the torus that have
been studied using MIR interferometry. The main motivation for the development of TORMAC is
to help extract structural information about the torus from data that have been obtained for these
12 Type 1 AGN.
During a 2.5 year baseline, the 12 AGN were observed by Spitzer (3.6 and 4.5 µm) at a 3 day
cadence during Cycle 8 (August 2011-January 2013) and then at a 30 day cadence during Cycle
9 (February 2013-January 2014). The AGN selected are bright (mB < 17), relatively nearby with
redshifts z ≤ 0.4, and span a wide range in luminosity (L3.6 = 1− 730× 1042 erg s−1). Optical (B
and V-band) data was obtained of the targets over the same period of time using the Liverpool
Telescope, Faulkes Telescope North, and Southwestern University Foutainwood Telescope. In order
to fill the gaps in our optical coverage our light curves were supplemented with data obtained from
the Catalina Sky Survey (Drake et al., 2009) and the Palomar Transient Factory (Law et al., 2009).
Of the 12 observed objects, 11 exhibited significant IR variability. The observed reverberation
radii for one object, NGC 6418, have been published for the first half of the campaign (Vazquez
et al., 2015) and a second paper reporting the reverberation radii for the entire campaign is cur-
rently in preparation. Reverberation analysis of the optical-IR light curves of the remaining objects
is ongoing; Vazquez (2015) presents the Spitzer light curves for the whole sample. However, prelim-
inary time series analysis of our AGN sample has yielded in optical-IR lags ranging from ∼ 30 to
∼ 100 light days. Significant differences between the 3.6 and 4.5 µm light curves were also observed,
such as the 4.5 µm emission lagging up to 30 days behind the 3.6 µm emission (Vazquez, 2015).
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Figure 5.1: Observed light curves of NGC 6418 from the Spitzer Monitoring Campaign. The optical
data is shown in black. The Spitzer Channel 1 (3.6 µm) data is shown in blue and the Spitzer
Channel 2 (4.5 µm) data is shown in red.
5.3 Light Curve Simulations: NGC 6418
One galaxy that showed quite dramatic variations during our monitoring campaign was NGC
6418. NGC 6418 is classified as a Seyfert 1, Hubble type Sab galaxy, but is believed to be embedded
in dust (Remillard et al., 1993; Vazquez et al., 2015). Figure 5.1 shows the optical and IR light
curves of NGC 6418 obtained from the Spitzer campaign. The optical data (black circles) are a
combination of the B and V band data. It is apparent that the IR flux varies in a similar way as
the optical data but lags behind. Also, as expected the 4.5 µm variations lag slightly behind those
at 3.6 µm. All of the light curves in the figure are normalized by the mean luminosity which is
taken to be the bolometric luminosity of NGC 6418, Lbol = 2.21
+3.09
−1.29×1043 erg s−1 (Vazquez et al.,
2015).
The most spectacular variation was a flare of about a factor of 2 in the optical over a period
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of . 100 days, which was followed by a corresponding flare in the IR. Following this flare, the
optical-IR lags increased from ∼ 33 days at 3.6 µm (∼ 41 days at 4.5 µm) before the flare to ∼ 67
days (4.5 µm:∼ 80 days) after the flare (Robinson et al., in preparation). The increase in the lags
implies an increase in the size of the emitting regions; further implying a recession of the dust inner
radius possibly due to dust sublimation.
5.3.1 Light Curve Simulations with TORMAC
The observed optical light curve of NGC 6418 was reprocessed using the damped random walk
model (DRW; JAVELIN) from Zu et al. (2011), in order to interpolate over gaps in the data and
hence generate a regularly sampled light curve for use as the input for TORMAC. The input optical
light curve (shown in Figures 5.2 - 5.6) is a weighted mean of many realizations consistent with
the observed data and is characterized by posterior density distributions for the damping timescale
and the amplitude, which have medians of 175 days and 0.24 in relative flux units, respectively.
The simulated IR light curves are also shown in Figures 5.2 - 5.6. In these simulations, the
torus is composed of 50,000 clouds and is viewed face-on (i = 0) with Y = 10, p = 0, and σ=45◦.
When either or both cloud shadowing and cloud occultation are included the volume filling factor
is Φ = 0.01. When the torus is anisotropically illuminated sp = 0.1. In these figures, time is given
in units of Rd/c =70.8 days (i.e., half the light crossing time of the inner radius of the torus). The
value of Rd was determined from Equation 2.1, using the bolometric luminosity of NGC 6418 as
determined by Vazquez et al. (2015), LAGN = 2.21 × 1043 erg s−1. The luminosity of each light
curve is normalized to that of its initial state.
In each of these figures, we are comparing simulations with the different radiative transfer
treatments implemented individually and then combined together. All of the models include cloud
orientation, except for those with isotropically emitting clouds. For the most part, the light curves
at all wavelengths (except at 30 µm) exhibit similar variations in response to the optical continuum,
but also show clear differences. In general, the responses for the different models can be separated
into two groups for easier discussion; the first group consists of the simulations that model the
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Figure 5.2: Simulations of IR light curves at 2.2 µm for the observed optical light curve of NGC 6418,
interpolated using a damped random-walk model (gray points and gray solid line). The isotropically
illuminated torus models are shown in the top panel and the anisotropically illuminated case with
sp = 0.1 is in the bottom panel. The simulations without cloud orientation taken into account
(i.e., isotropically emitting clouds) are in red, and with cloud orientation only are in light blue.
All other simulations include cloud orientation. The simulations: with cloud shadowing are shown
in purple, with cloud occultation are shown in orange, and for the complete radiative transfer
treatment are shown in green. The torus is made up of 50,000 clouds and is viewed face-on with
Y = 10, p = 0, and σ=45◦. The models with cloud shadowing, cloud occultation, and the complete
radiative transfer treatment all have Φ = 0.01.
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Figure 5.3: Simulations of IR light curves at 3.6 µm for the observed optical light curve of NGC 6418,
interpolated using a damped random-walk model (gray points and gray solid line). The observed
3.6 µm light curve using the Spitzer Space Telescope is plotted as blue crosses. The isotropically
illuminated torus models are shown in the top panel and the anisotropically illuminated case with
sp = 0.1 is in the bottom panel. The simulations without cloud orientation taken into account
(i.e., isotropically emitting clouds) are in red, and with cloud orientation only are in light blue.
All other simulations include cloud orientation. The simulations: with cloud shadowing are shown
in purple, with cloud occultation are shown in orange, and for the complete radiative transfer
treatment are shown in green. The torus is made up of 50,000 clouds and is viewed face-on with
Y = 10, p = 0, and σ=45◦. The models with cloud shadowing, cloud occultation, and the complete
radiative transfer treatment all have Φ = 0.01.
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Figure 5.4: Simulations of IR light curves at 4.5 µm for the observed optical light curve of NGC 6418,
interpolated using a damped random-walk model (gray points and gray solid line). The observed
4.5 µm light curve using the Spitzer Space Telescope is plotted as blue crosses. The isotropically
illuminated torus models are shown in the top panel and the anisotropically illuminated case with
sp = 0.1 is in the bottom panel. The simulations without cloud orientation taken into account
(i.e., isotropically emitting clouds) are in red, and with cloud orientation only are in light blue.
All other simulations include cloud orientation. The simulations: with cloud shadowing are shown
in purple, with cloud occultation are shown in orange, and for the complete radiative transfer
treatment are shown in green. The torus is made up of 50,000 clouds and is viewed face-on with
Y = 10, p = 0, and σ=45◦. The models with cloud shadowing, cloud occultation, and the complete
radiative transfer treatment all have Φ = 0.01.
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Figure 5.5: Simulations of IR light curves at 10 µm for the observed optical light curve of NGC 6418,
interpolated using a damped random-walk model (gray points and gray solid line). The isotropically
illuminated torus models are shown in the top panel and the anisotropically illuminated case with
sp = 0.1 is in the bottom panel. The simulations without cloud orientation taken into account
(i.e., isotropically emitting clouds) are in red, and with cloud orientation only are in light blue.
All other simulations include cloud orientation. The simulations: with cloud shadowing are shown
in purple, with cloud occultation are shown in orange, and for the complete radiative transfer
treatment are shown in green. The torus is made up of 50,000 clouds and is viewed face-on with
Y = 10, p = 0, and σ=45◦. The models with cloud shadowing, cloud occultation, and the complete
radiative transfer treatment all have Φ = 0.01.
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Figure 5.6: Simulations of IR light curves at 30 µm for the observed optical light curve of NGC 6418,
interpolated using a damped random-walk model (gray points and gray solid line). The isotropically
illuminated torus models are shown in the top panel and the anisotropically illuminated case with
sp = 0.1 is in the bottom panel. The simulations without cloud orientation taken into account
(i.e., isotropically emitting clouds) are in red, and with cloud orientation only are in light blue.
All other simulations include cloud orientation. The simulations: with cloud shadowing are shown
in purple, with cloud occultation are shown in orange, and for the complete radiative transfer
treatment are shown in green. The torus is made up of 50,000 clouds and is viewed face-on with
Y = 10, p = 0, and σ=45◦. The models with cloud shadowing, cloud occultation, and the complete
radiative transfer treatment all have Φ = 0.01.
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globally optically thick torus and the simulations with only cloud shadowing (and cloud orienta-
tion) implemented, and the second group consists of the simulations with isotropically emitting
clouds (i.e., without cloud orientation effects), with cloud orientation implemented, and with cloud
occultation.
In general, except at 2.2 µm, the simulations in the first group have higher maximum fluxes, have
a larger amplitude variations, and respond the quickest for both isotropically and anisotropically
illuminated tori. The group 2 simulations are typically lower in maximum flux, and have smaller
amplitudes, are typically more smeared out, and respond at later times. The opposite is true for
the simulations at 2.2 µm, i.e., group 2 model responses have larger amplitudes and respond at
shorter times.
As wavelength increases from 2.2 µm to 4.5 µm, the simulated light curves in the first group
increase in amplitude, while the other simulated light curves decrease. As wavelength increases
to 30 µm the first group still has a larger amplitude than the second group, but all simulated
responses show much smaller changes in luminosity and are much more smeared out than the
responses at other wavelengths. At 30 µm the responses for the simulations within each group are
nearly identical to each other.
In general, the light curves for the anisotropically illuminated torus model have shorter response
times, larger amplitudes, and are much less smeared out. Also, the models with cloud orientation
only implemented typically have the most smeared out responses, with the lowest amplitudes (albeit
somewhat similar in amplitude with respect to the other group 2 models), and appear to respond
the latest.
The “complete” radiative transfer models yield the largest amplitude and sharpest/earliest re-
sponse for both illumination cases and at all wavelengths except 2.2µm, even though the individual
radiative transfer effects by themselves all produce lower/slower responses.
The 3.6 and 4.5 µm light curves are very similar in shape, as expected from their dust emis-
sivity curves (see Figures 2.3 & 4.1). When compared to the observational data from the Spitzer
campaign the light curve at 3.6 µm when the torus is isotropically illuminated appears to some-
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what resemble the shape of the observed light curves but with much slower response times and
much lower amplitudes. When the torus is anisotropically illuminated the light curves show much
sharper variations and tend to resemble the input light curve more closely than the observed IR
light curve but are still mostly lower in amplitude. Only the responses of the complete radiative
transfer treatment models closely resemble the amplitude of the variations of the observed IR data.
However, the simulation responds way too early. Interestingly the light curve shapes of the isotrop-
ically illuminated cloud orientation models more closely resemble the shape of the observed 3.6 µm
light curve but with much lower amplitudes and slightly longer delays.
The simulated light curves at 4.5 µm are much lower in amplitude compared to the observed
Spitzer Channel 2 data. Otherwise similar features are observed between the observed and simulated
light curves as were just described for 3.6 µm.
5.3.2 Cross Correlation Analysis
The main purpose for conducting the light curve simulations in Section 5.3.1 is to see how the
various features introduced in the simulations will affect the main quantity derived from the obser-
vational reverberation mapping campaigns, that is the optical-IR lag. As discussed in Chapter 1,
the lag is determined by time series analysis, where the driving optical light curve is cross-correlated
with the responding IR light curves. Thus we conducted the same cross correlation analysis as was
applied to the data in order to derive the lags from the simulated light curves for NGC 6418.
A Cross Correlation Centroid Distribution Monte Carlo (CCCDMC) algorithm (Vazquez et al.,
2015; Vazquez, 2015) was used to extract optical-IR lags between the input optical light curve
and simulated IR light curves of NGC 6418. This algorithm is a new implementation of the Flux
Randomization (FR) algorithm from Peterson et al. (1998) and is used to calculate the CCF (cross
correlation function) centroids between 2 light curves. First, the responding light curve is linearly
interpolated to the same time stamps as the driving light curve. Second, the FR method is applied;
1000 realizations of synthetic light curves are generated for each input light curve by selecting
data from a Gaussian distribution with a mean equal to the measured data value and a standard
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deviation based on its uncertainty. For the simulations presented here, the uncertainty from the
DRW model was used for the optical light curve. For the IR response simulations, however, only
one iteration was executed for each set of input parameters. Therefore the uncertainty for the
simulated IR light curves was zero. However, ideally, more iterations would be conducted and the
uncertainty calculated either using the standard deviation or the mean deviation.
The CCF for each light curve pair realization is produced by calculating a linear correlation
coefficient, rCF , for every time step for a range of possible time delays. The linear correlation
coefficient ranges from negatively correlated (−1) to positively correlated (1) with rCF = 0 meaning
uncorrelated. Finally the CCCD, the distribution of the CCF centroids from all the realizations
for each light curve pair, is constructed. The best value of the lag between the two light curves is
taken to be the median of the CCCD, with the interquartile range of the CCCD representing the
uncertainty.
Table 5.1 shows the resulting optical–IR lags obtained from the CCCDMC algorithm for the
simulated IR light curves of NGC 6418. At all wavelengths, the models that include only cloud
orientation have longer lags than all of the other models, with the lags being significantly longer for
λ ≤ 10µm. In general the lags at longer wavelengths are longer than those at shorter wavelengths,
with some exceptions.
A very interesting result is that the lags at 2.2 and 3.6 µm in some cases are actually slightly
longer than that at 4.5 µm. Recall that the emission as wavelength increases is assumed to probe
cooler dust presumably further from the central source. This reversal in lags between 2.2 and 3.6
µm compared with 4.5 µm most likely occurs because the near-side clouds, which respond first,
have more of their cooler non-illuminated sides facing the observer and are therefore brighter at
4.5 µm than at 2.2 and 3.6 µm. As would be expected from the response functions, the lag at 30
µm is essentially unchanged by cloud orientation.
Our derived lags in Table 5.1 confirm the observations made above that the models which
include cloud shadowing decrease the lag significantly, with the shortest lags for both illumination
cases produced by the globally optically thick torus models.
242
Chapter 5. Simulated LC Lags
Table 5.1: Simulation Lags: NGC 6418
λ (µm) τlag (days)
toriso
cliso claniso claniso;clshadow claniso;cloccultation claniso;clcomplete
2.2 µm 112.92+1.00−1.00 138.47
+0.99
−0.99 108.53
+0.97
−0.53 123.94
+1.45
−1.04 83.91
+0.99
−0.99
3.6 µm 118.42+1.00−1.01 137.97
+1.01
−1.00 102.95
+0.54
−0.98 122.33
+1.47
−1.03 74.88
+0.98
−0.98
4.5 µm 120.92+1.47−1.01 133.49
+1.47
−1.02 102.92
+0.54
−0.98 117.73
+1.05
−1.48 77.89
+0.98
−0.52
10 µm 151.40+1.49−1.50 160.86
+1.49
−1.96 130.94
+1.47
−1.02 152.87
+1.51
−1.98 113.23
+1.03
−1.47
30 µm 187.71+1.94−1.51 189.18
+1.50
−1.92 179.68
+1.51
−1.50 192.61
+1.93
−1.54 182.17
+1.52
−1.94
toraniso
cliso claniso claniso;clshadow claniso;cloccultation claniso;clcomplete
2.2 µm 57.39+0.51−0.51 79.39
+0.99
−0.99 64.73
+0.75
−0.74 48.43
+0.49
−0.50 31.46
+0.03
−0.49
3.6 µm 61.12+0.74−0.74 76.84
+0.99
−1.00 53.90
+0.51
−0.52 51.43
+0.96
−0.50 33.00
+0.48
−0.04
4.5 µm 62.84+0.52−0.97 72.81
+0.99
−0.99 53.91
+0.51
−0.50 51.93
+0.94
−0.51 35.97
+0.49
−0.49
10 µm 83.22+1.01−1.47 92.61
+1.48
−1.47 68.35
+0.52
−0.98 79.07
+1.94
−1.92 55.91
+0.51
−0.51
30 µm 133.71+1.88−1.52 134.74
+1.50
−1.53 121.65
+1.50
−1.52 148.49
+1.53
−1.52 134.79
+1.93
−1.45
When the torus is anisotropically illuminated the lags for each model decrease by 30− 60% at
all wavelengths. The longer the wavelength the smaller the decrease in the lag.
The measured lags for the entire campaign were ≈47 and 50 days at 3.6 and 4.5 µm, respectively.
All of the lags for the isotropically illuminated models are longer than the measured lags for NGC
6418. Despite the limited set of models presented here we are able to produce similar lags, and even
in one case shorter lags, with the anisotropically illuminated models (except for the isotropically
emitting clouds and cloud orientation only cases) even though no attempt was made to optimize
the model parameters to fit the data. However, as mentioned in Section 5.3.1 only one of the light
curve amplitudes (the response from an anisotropically illuminated globally optically thick torus)
resemble those of the observed IR light curves.
5.3.3 Discussion
In this section we presented simulated light curves for NGC 6418 for a torus with Y = 10,
σ = 45◦, i = 0◦, and p = 0 that is either illuminated isotropically or anisotropically (sp = 0.1).
We focused on exploring the effects of the different radiative transfer treatments implemented in
TORMAC on a full light curve.
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For the most part, the lags for each radiative transfer treatment model follow the same trend
as observed from the response functions explored in Chapter 4. For instance, relative to the
models with isotropically emitting clouds, the models with anisotropically emitting clouds and
cloud occultation have longer lags, and the models with cloud shadowing and with the complete
radiative transfer treatment have shorter lags.
The models for isotropically emitting clouds serve as a useful point of comparison, but as
they are not realistic we will not discuss them. Thus, with respect to the cloud orientation only
cases including prescriptions of cloud occultation and cloud shadowing tend to decrease the lags
for every wavelength. However, as we saw above, cloud shadowing has the largest influence on
the response, causing lower lags and larger variations in amplitude. Recall from Chapter 4 that
the response functions for the torus models that include cloud shadowing tend to decrease in tail
strength causing shorter RWDs and larger CTAR. On the other hand, cloud occultation affected
the response functions by causing a weaker core and a stronger tail leading to RWDs more similar in
value to the cloud orientation models. Also, as we have seen in the light curves in Section 5.3.1, the
amplitudes are similar between the models with cloud orientation only and the cloud occultation
only models, but the cloud orientation ones have more smeared out variations.
The main difference between the light curve simulations presented here and the response func-
tions from Chapter 4 occurred at 2.2 µm. The response functions at 2.2 µm, for same model
parameters presented in this chapter, typically have similar shapes as those at 3.6 and 4.5 µm and
smaller, or at least comparable, RWD values. However, the simulated IR light curves at 2.2 µm
exhibit lower amplitudes and longer lags. These results may be due to saturation effects. The
response at 2.2 µm is the strongest for the the hotter, inner clouds within the torus. As the AGN
luminosity increases the clouds get hotter and, hence, brighter. However, currently TORMAC does
not allow the cloud temperature to increase above the sublimation temperature, whereas in real-
ity grains can survive at higher temperatures for significantly periods of time (see Section 2.5.3).
Therefore, the increase in short wavelength emission of clouds whose surface temperatures would
otherwise have exceeded Tsub, is underestimated, and this particularly affects the 2.2 µm response.
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In comparison with the actual observed Spitzer light curves the simulated 3.6 and 4.5 µm light
curves are generally too small in amplitude, and in the anisotropically illuminated cases they vary
too much and too sharply. The only model that recovered the overall variability amplitude from
the observed 3.6 µm light curve was the anisotropically illuminated, globally optically thick torus.
However, it is worth noting that the observed 3.6 µm light curve has a smaller amplitude than the
observed 4.5 µm light curve. One possibility for the difference in amplitude is contamination of the
3.6 µm data by the 3.4 µm PAH emission feature, which falls within the passband of the 3.6 µm
channel.
Although we did not find a “perfect” match to the observations (note that, that was not our
intent anyway), we are able to at least say that we are able to reproduce the amplitude variations
and short enough lags. We defer detailed modeling of the NGC 6418 light curves as future work.
However, there are a few important points that are worth discussing. First, our simulations
show differences between the lags at 3.6 and 4.5 µm data (∼ 3 days) that are similar compared
to those recovered from the cross-correlation analysis of the NGC 6418 light curves. However, in
some of the simulated light curves the 4.5 µm response leads the 3.6 µm response, which does not
occur in NGC 6418. Second, the observed 4.5 µm light curve showed larger variations in amplitude
than the 3.6 µm light curves (although this may be partly due to contamination by PAH emission,
as already noted). The models that also displayed larger variations in amplitude at 4.5 µm with
respect to the 3.6 µm light curves were the models that included cloud shadowing (e.g., both group
1 models). Therefore, at least for this limited set of simulations, we can say that models that
include cloud shadowing effects (especially the globally optically thick torus models) are the most
promising when attempting to model NGC 6418.
Third, we are currently not taking into account the possibility of an increase in the torus inner
radius due to dust sublimation. As mentioned before we observed an increase in the the lag for
both 3.6 and 4.5 µm after the large flare occurred. In the simulations, the response to the flare is
always faster than what is actually observed. For instance, most of the simulations shown in the
bottom panel of Figure 5.3 increase in flux faster than the observed 3.6 µm light curve following
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the onset of the flare. If the torus inner radius receded due to dust sublimations, one would expect
the lags to increase by (Lmax/L)
1/2 (where L is the steady-state AGN luminosity and Lmax is the
AGN luminosity at its maximum variation). As noted above, the post-flare lags at both 3.6 and
4.5 µm are a factor ∼2 longer than the pre-flare lags, implying a factor 4 increase in the AGN
luminosity. Even allowing for dilution by the host galaxy light (see below) this is larger than can
easily be reconciled with the observations. Therefore we believe a time-dependent dust sublimation
treatment in TORMAC can lead to better modeling of NGC 6418, and other galaxies that undergo
extreme variations in optical-UV luminosity.
Another factor that should be taken into account when modeling the IR light curves of NGC
6418 is that the observed optical light curve was estimated to be diluted by∼ 40% due to host galaxy
contamination (Vazquez et al., 2015). The simulations presented here for NGC 6418 employed the
optical light curve as observed and therefore are most likely not displaying large enough amplitudes
because our input light curve is diluted. Thus, more detailed TORMAC modeling of NGC6418
should be based on a dilution-corrected input light curve.
It is also worth pointing out that the effect of cloud orientation is important at these wavelengths
and will result in longer lags that will tend to increase the generally observed discrepancy between
the measured reverberation radii and Rd,ISM (Section 1.3.3). On the other hand, including cloud
occultation and cloud shadowing, and anisotropic illumination of the torus would result in shorter
lags and thus act to decrease the discrepancy. Therefore, it turns out that what is likely the most
realistic model, the globally optically thick, anisotropically illuminated torus, provides the most
promising explanation for the relatively short observed lags.
5.4 Markov Chain Monte Carlo Light Curve Fitting
As mentioned in Section 5.2, the main motivation for developing TORMAC was to help extract
structural information about the torus contained in the data from the Spitzer Monitoring Campaign.
In order to do this, we plan on fitting simulated light curves to the observed light curves by using
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a Markov Chain Monte Carlo (MCMC) model fitting code developed by collaborator Dr. Jack
Gallimore.
5.4.1 clumpyDREAM
clumpyDREAM is an MCMC IR SED fitting code. Its original purpose was to decompose the
IR SED of AGN into its individual components (namely from stars, the ISM and star forming
regions, and the dusty torus) by finding the best fit SED model, its parameters, and, hence, the
contribution of each component (Sales et al., 2015). It can also include the contribution from the
“hot dust component” required by the SED model fits of Mor et al. (2009) that is not included in
the CLUMPY torus models of Nenkova et al. (2008a,b).
There are 3 model grids, one for each component, in which clumpyDREAM performs a simul-
taneous MCMC search in order to estimate the posterior probability distributions for the model
parameters, with the median value being taken as the “best fit”.
clumpyDREAM has been adapted to perform an MCMC search over the TORMAC parameter
space in order to extract the best fit torus parameters from the data. For a given observational data
set consisting of the driving optical light curve and the responding IR light curve, we would run a
set of simulations over the TORMAC parameter space using the driving optical light curve as the
input. Then a hypergrid of all the TORMAC light curves computed for each combination in the
parameter space will be constructed to serve as the model grid for clumpyDREAM. clumpyDREAM
will conduct an MCMC search by interpolating within the TORMAC hypergrid of simulated IR
light curves in order to match the observed IR light curve and therefore produce estimates of the
posterior probability distributions for the model parameters.
5.4.2 Testing adaptation of clumpyDREAM with TORMAC
In order to ensure the adapted clumpyDREAM code can work with the output data from
TORMAC and verify that it can correctly determine the best fit parameters, it was tested with a
simple input light curve. The input light curve used for our test was a modified square-wave pulse,
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Figure 5.7: Light curves used to test clumpyDREAM fitting of TORMAC simulations. The input
driving light curve is shown in black. The output IR light curve produced by TORMAC selected
as the test “observed” data is shown in red, for torus parameters of Y = 2, i = 90◦, p = 2, and
σ = 10◦. These simulations were conducted with only cloud orientation implemented.
which increases in luminosity sharply, flattens off for a short period of time, and then exponentially
decays (Figure 5.7). Using this input light curve, a set of IR light curves were simulated with
TORMAC in order to create the hypergrid. In this test hypergrid we only varied 4 parameters
with 3 different values for each parameter (Y = 2, 5, 10; p = 0, 2, 4; i = 0, 45, 90◦; σ = 10, 45, 90◦)
creating a total of 81 parameter combinations.
Of the 81 simulated light curves we chose one to serve as the fake “observed” data. This light
curve shown in Figure 5.7 is of a torus that is isotropically illuminated with cloud orientation effects
included for Y = 2, i = 90◦, p = 2, and σ = 10◦ at 3.6 µm.
We added noise to the selected output light curve from TORMAC by randomly drawing flux
values from a Gaussian distribution, with a width equal to the standard deviation (∼ 1% of the
signal in this case) calculated from the different TORMAC iterations and centered at the average
value of the torus flux at that time step. This “noisy” light curve was used by Dr. Gallimore as
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Figure 5.8: Posterior probability density distributions of the parameters Y (top left), p (top right),
i (bottom left), and σ (bottom right) derived from the clumpyDREAM light curve fits to the
TORMAC modified response functions. The TORMAC model parameters for the simulated light
curve modified as the fake observed light curve are Y = 2, i = 90◦, p = 2, and σ = 10◦.
the observed IR light curve to be fit using the adapted clumpyDREAM code with the TORMAC
hypergrid.
Figure 5.8 shows the posterior probability density distributions of the best-fit parameters ex-
tracted from clumpyDREAM. Three of the subplots do not show normal (symmetric) density
distributions due to the limits of the TORMAC grid. However, it is apparent that clumpyDREAM
was successful at recovering the torus parameters of the test light curve.
Now that we have successfully tested clumpyDREAM with TORMAC data, the next step will be
model-fitting the data from our Spitzer campaign, starting with NGC 6418. A hypergrid spanning
a larger parameter space of TORMAC simulations of NGC 6418 will be created using the observed
light curve, corrected for the host galaxy starlight contribution. Then the new hypergrid will sample
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all relevant TORMAC parameters (Y , i, σ, p, Φ, and sp) and will be used with clumpyDREAM to
produce best fit torus parameters for NGC 6418.
5.5 Summary and Conclusions
In this chapter we presented full synthetic light curves from TORMAC for NGC 6418, one
of the galaxies in the Spitzer reverberation mapping campaign. We focused on examining how
the different radiative transfer treatments implemented into TORMAC affect the responses of a
full light curve as opposed to single, narrow pulse. The results show us that, for the most part,
the IR synthetic light curves exhibit the features and characteristics that can be identified in the
corresponding response functions, and that the lags recovered from cross-correlation analysis reflect
the trends seen in the response functions.
In particular, the lags increased at shorter wavelengths when cloud orientation was included,
and decreased as cloud shadowing and cloud occultation effects were implemented, showing the
largest decrease in lag for the full radiative transfer treatment (the globally optically thick torus).
The lags decreased significantly at all wavelengths when anisotropic illumination of the torus was
included.
Although the parameter space that was explored is limited, we were able to extract some
interesting results. First of all, we were able to not only to compare our simulated light curves
to real, observed light curves, but we were also able to examine the responses for wavelengths not
even observed. Therefore, once detailed model-fitting has been performed using the hypergrid of
TORMAC simulated light curves with the adapted clumpyDREAM code, we can constrain some
of the torus structural parameters for our galaxies and even predict the response at other IR
wavelengths.
As noted before, the simulations presented here were not meant to actually model NGC 6418
in detail. That being said, it was still useful to compare the TORMAC results to the NGC 6418
observed IR light curves because we do actually plan on model-fitting them and we need to make
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sure that TORMAC is producing light curves that resemble the observed IR light curves.
The light curves and derived cross-correlation lags presented here show that it is possible to
not only produce lags close to the observed IR lags recovered from reverberation mapping but we
were able to do so without “needing” a hot dust component, which seems to be required in SED
model-fitting (Mor et al., 2009), and which has been suggested as an explanation of the result that
lags obtained from torus reverberation mapping studies are typically factors of 2-3 smaller than
the sublimation radius light crossing time (Koshida et al., 2014).
Also, we were able to produce the amplitude of at least the 3.6 µm observed light curve in one
model, the globally optically thick, anisotropically illuminated torus. The difference in amplitude
between the 3.6 and 4.5 µm observed light curves was also observed in some models, albeit with
smaller differences in amplitude between the models than was observed. The light curves of the
isotropically illuminated torus models were more similar in shape to the observed IR light curves.
Therefore, the globally optically thick torus model, with a smaller degree of anisotropic illumination
seems the most promising model to produce most of the observed features.
However, as previously noted, there are some caveats due to dilution of the IR light curves
themselves, as well as dilution in the observed optical light curve which we used as the input into
TORMAC for our simulations, which complicates comparison of the simulation response amplitudes
with the observations. Another caveat is TORMAC’s current method of treating dust sublimation,
which probably causes the response at 2.2 µm to saturate. Furthermore, TORMAC does not
currently allow for a variable inner radius due to dust sublimation, which means that the simulations
underestimate the lags following the large flare in NGC 6418.
Finally, although the simulations reproduce the ∼3 day lag between the 3.6 and 4.5 µm emission
that was determined from the full Spitzer campaign, Vazquez et al. (2015) obtained a longer lag
(∼10 days) for the pre-flare Spitzer Cycle 8 observations, while Vazquez (2015) finds 3.6-4.5 µm
lags up to 30 days in other objects. Given the similarity of the flux - temperature curves at these
two wavelengths, it is not clear that such long lags can be reproduced with the models considered
here.
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In general, TORMAC can provide predictions for the time response of the torus IR spectrum
that can be directly compared with observations, yielding constraints on the shape, size, and
composition of the dust distribution surrounding an actively accreting SMBH.
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SUMMARY AND FUTURE WORK
6.1 Summary and Conclusions
The circumnuclear torus is one of the major components in the AGN unification model and thus
plays a key role in our understanding of AGN. The dust from the torus absorbs the UV/optical
continuum from the accretion disk and then re-emits it in the IR. Hence, it is thought to be the
dominant source of radiation in the MIR portion of most AGN’s SEDs (Telesco et al., 1984; Sanders
et al., 1989). However, we lack detailed knowledge of the size and structure of the dusty torus, as
well as, how these properties vary with source luminosity.
Previous dust radiative transfer models provided some constraints on the size and structural
properties by model fitting torus IR SEDs (e.g., Nenkova et al., 2008b; Mor et al., 2009; Ho¨nig &
Kishimoto, 2010; Ramos Almeida et al., 2011b; Alonso-Herrero et al., 2011). Unfortunately, these
models are limited to a one-time glimpse of the torus and have results that are inconclusive and
difficult to disentangle due to theoretical and observational uncertainties. Advancements in IR
interferometry have begun to shed light on the outer regions of the dusty torus but even when they
will be able to probe the inner regions of AGN it will only be for those at low redshifts.
The reverberation mapping code that has been developed for this dissertation is able to produce
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the time dependent IR light curve of a torus given an input optical light curve. Past reverberation
mapping modeling has been conducted in the NIR but this code can produce light curves any IR
wavelength. Based on our observations from the Spitzer reverberation mapping campaign, the main
analysis will be conducted in the MIR (3.6 and 4.5 µm), which will be the first time reverberation
mapping modeling will be applied at these wavelengths.
Using this code and our observations we have the necessary tools to identify the key parameters
that affect the response within the clumpy torus paradigm and answer questions that currently
elude torus researchers, such as the discrepancy between the theoretical and observed reverberation
mapping radii. Once this work has been completed we will be able to provide the best fit torus
parameters from probability distributions in order to constrain the geometry and structure of the
tori in our AGN sample.
TORMAC has applications beyond the goals of our Spitzer campaign as well. For instance, it can
produce the entire torus IR SED so we can study the time evolution and effects of reverberation on
the torus SED. We can use TORMAC to create torus models for the AGN previously reverberation
mapped in the K-band, as well as any future IR reverberation mapping campaigns. Also, TORMAC
can be used to investigate the temporal response of the dust infrared emission response to many
different types of variable or transient sources in dusty environments such as protoplanetary discs,
gamma ray bursts, tidal disruption events, or binary black hole mergers.
6.1.1 Dissertation Results
The main focus of this dissertation has been to create a dust reverberation mapping computer
model, TORMAC, that simulates the response of the IR dust emission from a clumpy AGN torus to
variations in the UV/optical luminosity from the central source. The advantage of TORMAC is that
the combination of a 3D cloud ensemble with a pre-computed grid of radiative transfer emissivities
provides the flexibility to explore the multiwavelength response functions for a wide range of torus
parameters and dust properties, at a relatively modest cost in computer time. Previous models
either do not incorporate cloud orientation or anisotropic illumination, or they employ parametrized
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dust emissivities, which do not account for the detailed dependence on wavelength.
The code sets up a 3D ensemble of optically thick clouds for parameters specifying the structure
and orientation of the torus namely, N , Y , i, σ, p. In the current version of TORMAC, the inner
radius is defined to be the dust sublimation radius (Barvanis 1987, Nenkova et al. 2008b). The AGN
UV/optical continuum is specified by an input light curve, from which the incident flux at each cloud
and hence the dust temperature at the cloud surface can be computed, allowing for light travel time
delays. The clouds in the torus are illuminated by the AGN continuum source, assumed to be an
optically thick accretion disk, either isotropically or anisotropically, with parameter sp, specifying
the degree of anisotropy. Given the surface temperature, optical depth (τV ), and orientation with
respect to the observer, the dust emission from each cloud is determined by interpolation in a grid
of pre-computed dust radiative transfer models.
TORMAC also incorporates global radiative transfer processes such as cloud shadowing and
cloud occultation, both governed by the volume filling factor, Φ. When a cloud is shadowed, i.e.,
shielded from the central source, the emission of the cloud is then calculated by interpolation in
a grid of pre-computed dust radiative transfer models in which the heating source is the diffuse
radiation field of nearby directly heated clouds. The emission of a cloud can be attenuated due
to cloud occultation, the amount of attenuation is dependent on the optical depth of the cloud at
a particular wavelength, τλ which is determined using the input parameter τV and an interstellar
extinction curve.
The emission of each cloud is calculated as a function of time as measured by a distant observer,
depending on its location with respect to the isodelay surface corresponding to the current observer
time. The specific luminosity of the torus as a function of observer time at any wavelength is then
computed by integrating over the cloud ensemble at each observer time step. The torus IR SED can
also be generated, at selected time steps. As the AGN UV/optical continuum varies in brightness,
the innermost dust clouds may reach temperatures exceeding the dust sublimation temperature.
In the current version of TORMAC this effect is treated using either of two extreme cases. In the
first case, the cloud is presumed to reach the sublimation temperature at its illuminated surface
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but survives over the timescale of interest, so the dust cloud surface temperature is simply fixed at
the sublimation temperature. This case is adopted for all example models presented here. In the
second case, the cloud is instantaneously destroyed once it reaches the sublimation temperature
and never reforms.
Examples of the torus response function (i.e., the IR response to a square wave pulse, an approx-
imation to the transfer function) were presented for ranges in certain geometrical and structural
parameters such as inclination, cloud distribution, angular width, and radial extent, in order to
explore how these parameters affect the dust emission response at selected wavelengths. We first
explored the parameter space with tori composed of isotropically emitting blackbody clouds in
order to characterize the basic shapes of the response function for a flared disk, as well as establish
the dependence of descriptive parameters (RWD, RWD/LWR, and CTAR) on the parameters that
define the structure and shape of the torus (Y , p, σ, i).
A large library of radiative transfer response functions was also created in order to explore
wavelength dependent effects of different geometrical parameters, cloud optical depths, global torus
optical depth effects (cloud shadowing and cloud occultation), and anisotropic illumination. The
effects on the response functions of successively introducing cloud shadowing, cloud occultation and
both together can be directly compared in Figures 6.1 - 6.10, for both isotropic and anisotropic
illumination of the torus. Also, a summary of the descriptive parameters for the library of response
functions can be found in Table 6.1.
In general we saw that the RWD and CTAR for tori with isotropically emitting clouds are
dependent on torus geometry parameters Y (controlling the core width, ∼ 1/Y ) and p (steepness
of tail decay) but independent of i and σ. In fact, a simple analytical formula, although derived
for a spherical shell, gives the RWD as a function of p and Y (Equation 3.7) even for a disk with
isotropically emitting clouds. Also, the RWD always is equal to the LWR. This is the case even
in the radiative transfer models with isotropically emitting clouds, even though RWD was slightly
larger possibly due to saturation effects or the dust emissivity slopes with respect to wavelength.
Once anisotropic cloud emission was included in the models, the response functions, still mainly
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dependent on Y and p, became more dependent on σ and i, showing larger variations at shorter
wavelengths where cloud orientation effects are stronger.
The cloud’s flux as a function of surface temperature is highly wavelength dependent, with
the emission at shorter wavelengths decreasing more rapidly as temperature decreases. Also, dust
clouds emit more anisotropically at shorter wavelengths. As a result, the observed emission from
a cloud depends on its orientation with respect to the central source and the observer. Including
this cloud orientation effect dramatically alters the response function and causes an increase in the
RWD (implying an increased lag) for wavelengths < 10µm.
When clouds were shadowed, the resulting response functions yielded shorter RWDs, but the ef-
fect is highly dependent on wavelength (larger decreases in RWD occurring at shorter wavelengths)
and also depends on the average volume filling factor (more clouds are shadowed for higher volume
filling factors). However, for high values of the average volume filling factor the approximate treat-
ment of heating the shadowed clouds by the diffuse radiation field overestimates the contribution
of shadowed clouds on the response function.
Cloud occultation is highly dependent on optical depth, wavelength, and the volume filling
factor. However, for the most part, cloud occultation served to strengthen the response function
tail and decrease the RWD when compared to the RWD with cloud orientation only implemented.
The globally optically thick models typically resulted in narrower response function core widths
and steeper decay tails, leading to much smaller RWDs compared to when the torus is globally
optically thin. Thus the models that decrease the RWD, and therefore the lag, from least to most
are: globally optically thin torus (cloud orientation only), cloud occultation only, cloud shadowing
only, and globally optically thick torus.
Anisotropic illumination of the torus by the AGN continuum source should naturally occur as
a consequence of edge darkening, if the continuum is emitted by a geometrically thin accretion
disk. This also has a significant effect on the torus response function, dramatically decreasing
the IR response lags in all cases. The decrease in lag due to anisotropic illumination overpowers
the increase that arises from cloud orientation. As previously discussed by Kawaguchi & Mori
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(2010, 2011), this illumination effect can partly resolve the discrepancy found when comparing lags
measured by reverberation mapping studies to the predicted inner torus radius, if the latter is
determined by sublimation and the dust has the standard ISM composition.
Although we have seen that the response functions can be changed drastically by the various
model parameters, the radiative transfer effects, and anisotropic illumination, it can be generally
stated that RWD∼LWR within a factor of 2.5. In some cases the models that include cloud
shadowing (including the globally optically thick model), and particularly when anisotropically
illuminated, the RWD can be as small as ∼ (1/2Y ); i.e. half the dust sublimation radius light
crossing time. This result (RWD∼LWR) is important for the interpretation of results from IR
reverberation mapping campaigns on multiple levels. First, when measuring the optical-IR lag
from observed light curves reverberation mappers can be confident that their estimated torus size
is representative of the effective radius of the torus at at that wavelength to within a factor of
2.5. Secondly, this result is important for campaigns already being conducted in order to use IR
reverberation mapping lags as cosmological standard candles (Ho¨nig et al., 2017).
These effects have important consequences for the IR response, so they must be taken into
account when interpreting measured lags from reverberation mapping studies. Indeed, they should
also be considered in SED modeling, since the dust emission lags are wavelength dependent and IR
SEDs are usually assembled from non-simultaneous observations.
TORMAC can also simulate IR light curves in response to an arbitrarily defined input UV/optical
light curve, including resampled observed light curves. As an example, we presented simulated light
curves at 2.2, 3.6, 4.5, 10, and 30 µm for an input signal derived from the observed optical light
curve of NGC 6418. The lags recovered from cross-correlation analysis reflect the trends seen in
the response functions, in particular, increasing at shorter wavelengths when cloud orientation was
included, and decreasing when any of the other radiative transfer processes were included, e.g.,cloud
shadowing, cloud occultation, the globally optically thick torus, and anisotropic illumination. The
lags decreased significantly at all wavelengths for the globally optical thick torus models that were
anisotropically illuminated, providing lags comparable with those of NGC 6418. This suggests that
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just including these radiative transfer effects (especially cloud shadowing) and anisotropic illumi-
nation, can assist in explaining the general finding that IR reverberation lags are shorter than the
sublimation radius light crossing time, without the need for a hot grains component. However, we
do expect that such a component will play a role as discussed in Section 6.1.3.
In general, TORMAC can provide predictions for the time response of the torus IR spectrum
that can be directly compared with observations, yielding constraints on the shape, size, and
composition of the dust distribution surrounding an actively accreting SMBH.
6.1.2 Comparison to other Reverberation Mapping Torus Models
TORMAC is very similar in concept to the pioneering torus reverberation model developed by
Barvainis (1992), in that the torus is modeled as an ensemble of optically thick clouds and that the
dust emission is determined from a pre-computed grid of radiative transfer calculations. However,
TORMAC employs a more sophisticated radiative transfer model (namely, the DUSTY model grid
used in the CLUMPY torus model of Nenkova et al., 2008a,b) and includes cloud orientation, cloud
shadowing, cloud occultation, and anisotropic illumination by the AGN continuum.
Barvainis (1992) is mainly concerned with short wavelengths (his models were computed for the
J, H, K, and L bands). Nevertheless, the response functions produced by TORMAC for comparable
torus models, that is, for an isotropically illuminated torus without cloud orientation, exhibit
generally similar features, notably, the delayed onset of the response for a face-on disk and the
double-peak response for inclined disks. These are characteristic features of the reverberation
response of an annular disk (see also Perez et al., 1992).
More recently, Kawaguchi & Mori (2010, 2011) discussed a torus reverberation model that was
constructed to study the effects on the NIR response of anisotropic illumination, cloud orientation,
and also “torus self-occultation” (i.e., absorption of NIR emission from dust clouds by other dust
clouds). However, the Kawaguchi & Mori (2011) model evidently does not explicitly utilize radiative
transfer calculations, but instead uses approximate prescriptions for cloud orientation effects and
“self-occultation”. To model the latter effect, in particular, they argue that the torus is effectively
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optically thick to its own NIR radiation and hence only consider the emission from the near-side
surface layer of the torus. In contrast, TORMAC explicitly accounts for occultation on a cloud-
by-cloud basis throughout the entire volume of the torus. This is a far more general approach that
allows to compute the response at all wavelengths for any choice of cloud optical depth and global
volume filling factor.
For comparable models the TORMAC response functions show similar features attributable to
cloud orientation (i.e., lower response amplitudes at shorter delays) and anisotropic illumination
(shorter lags/centroids) to those appearing in the Kawaguchi & Mori (2010, 2011) models. The
main discrepancy appears in the face-on anisotropically illuminated cases (Figure 4.35), for which
the Kawaguchi & Mori (2011) transfer function is sharply single-peaked and narrow, whereas the
corresponding TORMAC response functions show an initial sharp peak followed by a lower am-
plitude shoulder. This is likely due to the fact that in the Kawaguchi & Mori (2011) model, the
response from the far side of the torus is neglected, since it is considered to be optically thick to
its own NIR radiation.
6.1.3 Current Limitations of TORMAC
TORMAC is capable of computing the multiwavelength response of the AGN torus for parame-
ters governing the geometrical configuration and cloud distribution, and a given dust composition.
It includes the effects of cloud orientation, cloud occultation, and anisotropic illumination. It also
accounts for cloud shadowing and includes an approximate treatment of the heating of the shad-
owed clouds by diffuse IR emission. However, a number of further refinements are necessary to
fully capture the complexities associated with dust sublimation, and distributions in cloud optical
depth and dust composition.
The radiative transfer grid that is used to compute the emission from indirectly heated (i.e.,
shadowed clouds) is based on a “local” approximation for the diffuse radiation field, that is, it is
assumed to come from neighboring directly heated clouds. As noted in Section 4.6, this will tend to
overestimate the contribution to the total emission from indirectly heated clouds at higher values
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of the average volume filling factor, Φ, since most directly heated clouds will be located close to
the inner edge of the torus and there will be relatively few directly heated neighbors within the
torus at larger radii. In addition, the contribution of the diffuse radiation field to heating directly
illuminated clouds is neglected. Heating of their non-illuminated sides by diffuse radiation will tend
to reduce the effects of cloud orientation (i.e., reducing how anisotropically the cloud emits), by
preferentially increasing the emitted flux from the non-illuminated side.
TORMAC currently treats every cloud as having the same size, dust composition, and optical
depth. This is clearly an oversimplification; there are physically motivated reasons to expect a
distribution in cloud size (e.g., Krolik & Begelman, 1988; Beckert & Duschl, 2004; Elitzur & Shlos-
man, 2006) and for the reasons outlined below, we may also expect gradients in grain composition
and size within the torus. It would be desirable, therefore, to implement the capability to handle
distributions in these properties.
It will also be necessary to implement a more sophisticated treatment of time-dependent dust
sublimation. The inner radius of the torus is currently defined as the dust sublimation radius.
However, as the AGN varies in luminosity the dust sublimation radius will move in or out, causing
the inner radius of the torus to vary depending on the duration and amplitude of the AGN con-
tinuum variations, and the timescales over which dust clouds are destroyed by sublimation. Dust
clouds may not be completely destroyed during bright flares in the continuum, but will be eroded
by sublimation of grains near the illuminated surface, leaving smaller clouds with lower optical
depths. For instance, in the case of NGC 6418 discussed above, the AGN luminosity increased by
at least 100% during a flare of total duration ∼280 days. A cloud at the sublimation radius before
the flare has an illuminated surface temperature of 1500 K. The 100% luminosity increase would
cause the illuminated surface of the cloud to increase to a temperature of about 1700 K. However,
the cloud only reaches this temperature for a relatively short period at the peak of the flare, so we
assume that its average temperature is 1600 K (corresponding to half the flare maximum). At this
temperature, a grain of size 1 µm sublimates in ∼57 days (Waxman & Draine, 2000) and since a
layer of τV ∼ 1 will be eroded from the cloud surface in this time, clouds of τV & 5 will survive.
261
Chapter 6. Summary and Future Work
In the current treatment, clouds are not destroyed, but the surface temperature is held constant
at the sublimation temperature of 1500 K. The emission from clouds within the current sublimation
radius therefore saturates, whereas in fact, grains can survive at higher temperatures for a limited
time, leading to higher variability amplitudes at shorter wavelengths. In addition, the sublimation
temperature, and therefore, rate, is sensitive to dust grain size and composition. Larger grains
and those composed of more refractory materials (such as graphite) will survive longer. Therefore,
inner dust clouds that survive several continuum variability events are likely to evolve a grain
composition which is dominated by larger, more refractory grains, compared to those in the body
of the torus (Perna et al., 2003). This would lead to a population of hotter clouds composed of
large, carbonaceous grains, residing within the time-averaged sublimation radius (r < 〈Rd〉), whose
emission spectrum is brighter at shorter (NIR) wavelengths.
6.2 Future Work
As previously mentioned, TORMAC will be used with the data collected from the Spitzer
monitoring campaign in order to help constrain the size and structural properties of the tori in
these AGN. To date, the optical-IR cross correlation analysis has been completed for one galaxy,
NGC 6418. Construction of the optical light curves for the remaining 10 AGN is ongoing, (these
will serve as the input to TORMAC). Unfortunately, as many of the AGN in our campaign have
very sparse optical data or do not vary much in either the optical or IR, it may prove very difficult
to conduct optical-IR cross correlation analysis for all 10 AGN in order to derive the optical-IR
lags.
Meanwhile, we are currently using DUSTY to extend the radiative transfer model grid to higher
temperatures in order to avoid saturation effects by allowing clouds to exceed the dust sublimation
temperature. This is motivated by the fact that depending on the dust grain size and the optical
depth of the cloud, clouds may survive increases in luminosity causing the cloud temperature to
exceed 1500 K for a certain amount of time. Also, as mentioned in Section 5.3.3 we estimated
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the observed optical light curve of NGC 6418 to be diluted by ∼ 40%, thus we have undiluted
the observe light curve and have reprocessed it using JAVELIN to serve as the new input into
TORMAC. Both the extended radiative transfer temperature grid and the “undiluted” input light
curve will be used in TORMAC to create a grid of simulated IR light curves for NGC 6418 to test
if we can (1) recover the increase in lag in the IR response due to the large flare, and (2) recover
the amplitudes of the IR observed light curves. We will then create a hypergrid of simulated IR
light curves for NGC 6418 extending over a large parameter space. An adaptation of the MCMC
code clumpyDREAM will then be used to search within this model hypergrid to fit the observed
IR light curves and generate the best fit probability distributions for the torus parameters.
Several new capabilities will be implemented in TORMAC to investigate processes that may
have important effects on the dust emission response. The first modification will be to incorporate a
prescription for time-dependent dust sublimation with respect to variations in the AGN luminosity.
The inner radius of the torus is currently defined as the dust sublimation radius. However, as the
AGN varies in brightness the dust sublimation radius will vary causing the inner radius of the torus
to vary depending on the duration and amplitude of the continuum AGN variations. We plan on
incorporating a dust sublimation calculation within the code that takes into account the period of
time during which the dust clump is at (or above) the dust sublimation temperature, the time it
takes a dust grain to sublimate, and the optical depth of the clump. Based on these conditions,
the dust clump may not completely be destroyed after bright flares from the continuum, but will
be eroded by sublimation of grains near the illuminated surface leaving smaller sized clumps with
lower optical depth.
Currently TORMAC treats every cloud as having the same size, composition, and optical depth.
We will also explore the effects of multi-populations of clouds that would include clouds of various
sizes and optical depths, and even variations of grain composition. The DUSTY grid provided by
Dr. Robert Nikutta contains the emissivities of dust clumps with optical depth ranging from τV =5-
150. We have already tested torus responses with changing τV , but each cloud within the torus had
the same τV . Beyond the fact that having a torus with a multi-population of clouds is more realistic
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than having a torus with only clouds of one size, incorporating clouds with different optical depths
may help explain the color changes we see between 3.6 and 4.5 µm in NGC 6418 and/or explain
the “hot dust component” most torus models need in order to fit observed AGN SEDs (Mor &
Netzer, 2012). Also, distributions in the size and optical depth of the dust clumps will be needed for
the dust sublimation treatment we plan on implementing. Exploring grain composition variations,
such as pure graphite, will entail creating an entirely new DUSTY grid, which is currently under
development.
TORMAC can be used to model K-band light curves from other reverberation mapping cam-
paigns as well as the Spitzer campaign. Although it appears that we can reproduce the observed
3.6 and 4.5 µm lags with the standard ISM mix, we still expect that there should be a population
of hotter, inner clouds containing a graphite dominated grain mix. Thus the new radiative transfer
grid for graphite rich dust will serve to model the inner, hot dust region up to the sublimation
radius for ISM grains, with the current grid being used for the rest of the torus.
Since polar dust is argued to be the dominant source of the AGN MIR continuum (e.g., Ho¨nig
et al., 2013; Asmus et al., 2016), we have incorporated a polar dust distribution to investigate the
contribution of polar dust to the IR response function. If the polar dust also contributes at shorter
wavelengths, it could significantly affect overall response, especially in face-on objects.
In addition to the growth of SMBH in AGN, many other important processes in astrophysics,
such as the formation of stars and planets, and the growth of massive black holes, occur in dusty
environments. With appropriate modifications, TORMAC can easily be applied to other systems,
since the timescale is set by the dust sublimation radius (which scales as L1/2), and the underlying
dust physics is essentially the same. Therefore, although TORMAC was developed to model the
IR dust emission response of the AGN torus, it can easily be adapted to model the IR response
for a wide range of dust embedded variable, or transient, sources. These include protoplanetary
and circumstellar disks, gamma-ray bursts, tidal disruption events, and merging SMBH. Thus the
range of applications of this code is immense. One application that will be pursued in the near
future is to model the evolution of the torus IR SED as the SMBH and its retained accretion disk
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recede due to gravitational recoil following coalescence of an supermassive binary black hole.
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Figure 6.1: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 2.2 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). All simulations include cloud orientation. The simulations with cloud orientation
only are in light blue, with cloud shadowing are shown in purple, with cloud occultation are shown
in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.2: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 3.6 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). All simulations include cloud orientation. The simulations with cloud orientation
only are in light blue, with cloud shadowing are shown in purple, with cloud occultation are shown
in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.3: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 4.5 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). All simulations include cloud orientation. The simulations with cloud orientation
only are in light blue, with cloud shadowing are shown in purple, with cloud occultation are shown
in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.4: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 10 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). All simulations include cloud orientation. The simulations with cloud orientation
only are in light blue, with cloud shadowing are shown in purple, with cloud occultation are shown
in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.5: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ = 0.01;
for i = 0, 45, 90◦ at 30 µm. Each column represents a different p value increasing from left (p = −2)
to right (p = 4). All simulations include cloud orientation. The simulations with cloud orientation
only are in light blue, with cloud shadowing are shown in purple, with cloud occultation are shown
in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.6: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 2.2 µm. Each column represents a different p value increasing from left
(p = −2) to right (p = 4). All simulations include cloud orientation. The simulations with cloud
orientation only are in light blue, with cloud shadowing are shown in purple, with cloud occultation
are shown in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.7: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 3.6 µm. Each column represents a different p value increasing from left
(p = −2) to right (p = 4). All simulations include cloud orientation. The simulations with cloud
orientation only are in light blue, with cloud shadowing are shown in purple, with cloud occultation
are shown in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.8: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 4.5 µm. Each column represents a different p value increasing from left
(p = −2) to right (p = 4). All simulations include cloud orientation. The simulations with cloud
orientation only are in light blue, with cloud shadowing are shown in purple, with cloud occultation
are shown in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.9: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 10 µm. Each column represents a different p value increasing from left
(p = −2) to right (p = 4). All simulations include cloud orientation. The simulations with cloud
orientation only are in light blue, with cloud shadowing are shown in purple, with cloud occultation
are shown in orange, and for the complete radiative transfer treatment are shown in red.
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Figure 6.10: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10;
Φ = 0.01; for i = 0, 45, 90◦ at 30 µm. Each column represents a different p value increasing from
left (p = −2) to right (p = 4). All simulations include cloud orientation. The simulations with
cloud orientation only are in light blue, with cloud shadowing are shown in purple, with cloud
occultation are shown in orange, and for the complete radiative transfer treatment are shown in
red.
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Table 6.1: Summary of Descriptive Parameter Trends
Descriptive
Parameters
Trends
Isotropic cloud emission, globally optically thin torus models
RWD Increases with increasing wavelength. Greater than analytic model values. Decreases with
increasing Y . Independent of i and σ.
RWD/LWR Decreases with increasing wavelength. Increases with increasing Y . Independent of i and σ.
CTAR Decreases with wavelength. Decreases with Y . More dependent on i. Same behavior as
blackbody disk.
Anisotropic cloud emission (cloud orientation), globally optically thin torus models
RWD Larger than the models without cloud orientation and analytic/blackbody models. Effect
is larger at shorter wavelengths. Increases with increasing wavelength, i and p. Crossover
in wavelength around Y = 5, where RWD is larger when Y < 5 for shorter wavelengths.
Increases slowly with σ and τV . Similar RWD trends when torus surface boundary is fuzzy
as i and σ increase, but with shallower slopes.
RWD/LWR Greater than 1 and larger than the models without cloud orientation. Decreases with in-
creasing wavelength and p. Increases with increasing Y , i, τV , and σ. Effects shortest
wavelengths the most. When torus surface boundary is fuzzy RWD/LWR follows similar
trends as sharp-edged torus with smaller changes as i and σ increase, and values are slightly
larger.
CTAR Smaller than the models without cloud orientation. Decreases with increasing p and i.
Wavelength order dependent on Y and i. Increases with increasing Y at 2.2 and 3.6 µm
when Y > 5. CTAR slightly decreases as σ increases for i < 90◦, but increases when edge-
on. Decreases as τV increases, with shortest wavelengths changing the most. When surface
edge is fuzzy, CTAR values are typically smaller, with smaller changes.
Cloud shadowing (with cloud orientation)
RWD Mostly dependent on Y , p, and Φ. RWD decreases more rapidly as Φ increases for shorter
wavelengths and larger values of p. Values typically smaller than when cloud shadowing is
not included. Effects of cloud shadowing become more significant as i increases.
RWD/LWR Decreases as Φ increases, more rapidly at shorter wavelengths and higher inclinations. As p
increases changes more gradually with increasing Φ. At short wavelengths, as Y increases
the RWD/LWR changes from increasing to decreasing to increasing again. Most differences
in trend at shorter wavelengths and smaller Y values. Variation with Y slower at smaller i.
CTAR Typically higher values than when cloud shadowing is not included. About constant when
p = −2 but increases as Φ increases when p ≥ 0. Shorter wavelengths have larger CTAR
values. Increases faster for Y ≥ 5 than for models without cloud shadowing. As i increases
CTAR values at shorter and longer wavelengths converge.
Cloud occultation (with cloud orientation)
RWD Large effects at all wavelengths. Cloud occultation can increase or decreases RWD depending
on Φ and p, but values are generally lower. In general, RWD is larger when p ≤ 0 and
smaller when p > 0. RWD is larger but very similar to models without cloud occultation as
σ changes. RWD increases with Φ when p ≤ 0 having larger values than the models without
cloud occultation, and decreases as Φ increases when p > 0 having smaller values. Changes
more quickly with τV especially at larger inclinations. RWD increases as Φ increases for the
fuzzy edge torus models. As i increases, the two surface models show smaller differences
and become more similar in trend.
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RWD/LWR Generally closer to 1 and even < 1 when p = −2 and λ = 30µm. RWD/LWR changes more
dramatically with p when cloud occultation is included. Values are typically smaller and
follow similar trends as σ increases and τV is varied. Decreases as Φ increases for all i and
p. Values < 1 for most wavelengths when Φ = 0.01 and i = 0◦ or i = 90◦. Values increase
as wavelength decreases. When the torus surface boundary is fuzzy, the RWD/LWR does
not appear to change and values are typically smaller.
CTAR CTAR changes less with increasing p, with similar behavior as models without cloud oc-
cultation. Largest differences occur in the face-on case as σ increases, causing CTAR to
increase when λ > 3.6µm and σ ≥ 30◦. As p increases the variation of CTAR with respect
to Φ changes from decreasing to increasing as Φ increases. Also, as p increases the changes
of CTAR with i and Φ increase as wavelength increases. The torus response at longer wave-
lengths is more sensitive at larger values of p and i to changes in Φ than shorter wavelengths.
CTAR increases at 2.2 µm as Y increases. As i increases the values of CTAR at each Y
value decrease. Changes in τV causes CTAR to vary with steeper slopes especially at larger
inclinations. Generally have both lower and larger CTAR than without cloud occultation
depending on i.
Globally optically thick torus models (complete radiative transfer treatment)
RWD Typically smaller in value than the globally optically thin models. Very sensitive to changes
in Φ at all wavelengths and inclinations. Largest changes occur when torus is edge-on causing
the RWD to increase as Φ increases. The lag decreases as Φ increases in all other cases.
Values < 1/Y , for p ≤ 0, small i. RWD at shorter wavelengths increase as Y increases.
Values at longer wavelengths decrease as Y increases. The change of RWD with respect to
increasing Y is shallower as i increases. Similar cross over in wavelength order as globally
optically thin torus model.
RWD/LWR RWD/LWR< 1 at all wavelengths when Φ = 0.1 and when i = 90◦ and Φ = 0.01. Similar to
globally optically thin models when p ≥ 2 but lower in value. When p < 2 ratio decreases as
p decreases. When oriented face-on and edge-on, the values of RWD/LWR are lower than
1. Trends when inclined at 45◦ are more similar to the globally optically thin torus case.
Values are larger than analytic and globally optically thin models, with shorter wavelengths
having larger values at each Y value and i, but is < 1 in the edge-on case for λ > 2.2µm
and Y = 10.
CTAR Larger values than globally optically thin models. As i increases CTAR at shorter wave-
lengths decreases. As Φ increases CTAR increases when oriented face-on to the observer. As
i increases, CTAR at longer wavelengths tends to decrease as Φ increases. When edge-on,
CTAR decreases at all wavelengths as Φ increases. As i increases, CTAR values decrease at
shorter wavelengths and increase at longer wavelengths.
Anisotropic Torus Illumination
RWD Anisotropic Cloud Emission: Typically smaller in value than the isotropically illuminated
models but follows similar trends. RWD increases with increasing σ at a steeper slope.
RWD increases as sp increases reaching the isotropic illumination case. Fuzzy-edged models
follow same trends but have shallower slopes (smaller range) but larger values. Differences
between fuzzy and sharp become negligible at high values of sp and large i.
Cloud Shadowing: Largest changes occur at lower values of p. The fuzzy-edge, anisotropi-
cally illuminated torus has a wider spread in values at shorter wavelengths.
Cloud Occultation: As i increases the RWD increases faster at shorter wavelengths and
decreases more slowly longer wavelengths.
Globally Optically Thick: Same as the cases above.
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RWD/LWR Anisotropic Cloud Emission: Slightly larger in value and larger range than the isotropically
illuminated torus models. Decreases as sp increases for both sharp and fuzzy-edged torus
models, with fuzzy-edged torus having higher values at shorter wavelengths when i = 0◦.
As i increases the change in RWD/LWR with increasing sp decreases but the values of
RWD/LWR increase for the sharp edged torus and decrease for the fuzzy edge torus. When
i = 90◦, RWD/LWR increases with increasing sp.
Cloud Shadowing: Changes are smaller; as p increases the ratio becomes closer to the
isotropically illuminated model values. Values are typically larger, even exceeding 2 in the
face-on case at 2.2 µm. When surface is fuzzy: Values smaller than the sharp-edged models
when i = 90◦.
Cloud Occultation: Same as the cases above.
Globally Optically Thick: Decreases as i increases. RWD/LWR< 1 when i = 0◦ and 90◦ at
almost every wavelength.
CTAR Anisotropic Cloud Emission: Typically larger in value than isotropically illuminated models
but follows same trends. Change wavelength when p < 0, with the slopes steepening as
wavelength decreases. Decreases with increasing σ and at all inclinations and wavelengths.
As i increases the range of CTAR values increases and order of wavelength changes. Fuzzy-
edge torus models have similar features with shallower slopes and smaller ranges.
Cloud Shadowing: Values are smaller when the torus is fuzzy rather than sharp (increases
as Φ increases with a wider spread in value).
Cloud Occultation: Same trends as isotropic illuminated torus models.
Globally Optically Thick: Order of wavelength changes otherwise similar behavior in trend.
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A.1 Cloud Orientation
A.1.1 Response Functions
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Figure A.1: Response functions for an isotropically illuminated torus with σ=45◦ and Y=10 at 2.2
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different p value increasing from left (p = −2) to right (p = 4). The blue lines
represent a torus filled with dust clouds that emit anisotropically (i.e., including cloud orientation),
the pink lines represent a torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
279
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, p=-2
clBB
claniso
analytic
sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, p=0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, p=2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, p=4
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, p=-2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, p=0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, p=2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, p=4
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, p=-2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, p=0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, p=2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, p=4
Normalized Time 
(
2Ro
c
)
4.5µm, iso; Y=10
Figure A.2: Response functions for an isotropically illuminated torus with σ=45◦ and Y=10 at 4.5
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different p value increasing from left (p = −2) to right (p = 4). The blue lines
represent a torus filled with dust clouds that emit anisotropically (i.e., including cloud orientation),
the pink lines represent a torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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Figure A.3: Response functions for an isotropically illuminated torus with σ=45◦ and Y=10 at 10
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different p value increasing from left (p = −2) to right (p = 4). The blue lines
represent a torus filled with dust clouds that emit anisotropically (i.e., including cloud orientation),
the pink lines represent a torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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Figure A.4: Response functions for an isotropically illuminated torus with p=0 and Y=10 at 2.2
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different σ value increasing from left (σ = 15◦) to right (σ = 75◦). The blue
lines represent a sharp-edged torus and the orange lines represent a fuzzy-edged torus both of which
are filled with dust clouds that emit anisotropically (i.e., including cloud orientation). The pink
lines represent a sharp-edged torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
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Figure A.5: Response functions for an isotropically illuminated torus with p=0 and Y=10 at 10
µm, where each row represents a different inclination from top (i=0◦) to bottom (i=90◦). Each
column represents a different σ value increasing from left (σ = 15◦) to right (σ = 75◦). The blue
lines represent a sharp-edged torus and the orange lines represent a fuzzy-edged torus both of which
are filled with dust clouds that emit anisotropically (i.e., including cloud orientation). The pink
lines represent a sharp-edged torus filled with blackbody clouds, and the black line is the analytic
transfer function for a spherical shell.
283
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=10
0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=20
0.0 0.1 0.2 0.3 0.4 0.5
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=50
BB
λ=2.2
analytic sphere
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
2.2µm Sharp Disk vs BB vs Analytic: i=90, σ=45
Figure A.6: Response functions for an isotropically illuminated torus with σ=45◦; p=0; i=90◦; and
Y=2, 5, 10, 20, 50 at 2.2 µm. The blue lines represent the models that include cloud orientation,
the orange lines are for the models with blackbody clouds, and the black line is the analytic transfer
function for a spherical shell.
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Figure A.7: Response functions for an isotropically illuminated torus with σ=45◦; p=0; i=90◦; and
Y=2, 5, 10, 20, 50 at 4.5 µm. The blue lines represent the models that include cloud orientation,
the orange lines are for the models with blackbody clouds, and the black line is the analytic transfer
function for a spherical shell.
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Figure A.8: Response functions for an isotropically illuminated torus with σ=45◦; p=0; i=90◦; and
Y=2, 5, 10, 20, 50 at 10 µm. The blue lines represent the models that include cloud orientation,
the orange lines are for the models with blackbody clouds, and the black line is the analytic transfer
function for a spherical shell.
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Figure A.9: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5, 10, 20, 30, 40, 100 at 2.2 µm. All models include cloud orientation. The
blue lines represent τV =5 (left column), 20 (center column), 40 (right column) and the purple lines
represent τV =10 (left column), 40 (center column), 100 (right column).The black line represents
the analytic transfer function for a spherical shell.
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Figure A.10: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5, 10, 20, 30, 40, 100 at 4.5 µm. All models include cloud orientation. The
blue lines represent τV =5 (left column), 20 (center column), 40 (right column) and the purple lines
represent τV =10 (left column), 40 (center column), 100 (right column).The black line represents
the analytic transfer function for a spherical shell.
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Figure A.11: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5, 10, 20, 30, 40, 100 at 10 µm. All models include cloud orientation. The
blue lines represent τV =5 (left column), 20 (center column), 40 (right column) and the purple lines
represent τV =10 (left column), 40 (center column), 100 (right column).The black line represents
the analytic transfer function for a spherical shell.
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A.1.2 Descriptive Parameters
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Figure A.12: Response function descriptive parameters for a torus with p = 0, Y=10, and i = 45◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of σ at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure A.13: Response function descriptive parameters for a torus with p = 0, Y=10, and i = 90◦
either illuminated isotropically (circles and solid lines) or anisotropically (stars and dashed lines)
with respect to different values of σ at select wavelengths. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure A.14: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 45◦, and Y = 10 that has a sharp edge (circles and solid lines) or a fuzzy edge (stars
and dashed lines) with respect to different values of σ at select wavelengths. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation. The
black line represents the analytic solution for a spherical shell with blackbody clouds.
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Figure A.15: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 90◦, and Y = 10 that has a sharp edge (circles and solid lines) or a fuzzy edge (stars
and dashed lines) with respect to different values of σ at select wavelengths. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). All models include cloud orientation. The
black line represents the analytic solution for a spherical shell with blackbody clouds.
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Figure A.16: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 45◦, σ = 45◦, and Y = 10 that has a sharp edge (circles and solid lines) with respect
to different values of τV at select wavelengths. The colors represent the different wavelengths (2.2,
3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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Figure A.17: Response function descriptive parameters for an isotropically illuminated torus with
p = 0, i = 90◦, σ = 45◦, and Y = 10 that has a sharp edge (circles and solid lines) with respect
to different values of τV at select wavelengths. The colors represent the different wavelengths (2.2,
3.6, 4.5, 10, and 30 µm). All models include cloud orientation.
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A.2 Anisotropic Torus Illumination
A.2.1 Response Functions
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Disk 2.2µm Dusty Simulations: Sharp, 50000 clouds, σ=45
Figure A.18: Response functions for an torus with σ=45◦; Y=2, 10; p=0; and i=0, 45, 90◦ at
2.2 µm. The blue and purple lines represent a torus that is illuminated either isotropically or
anisotropically, respectively, by the central source. The black line represents the analytic transfer
function for a spherical shell.
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Figure A.19: Response functions for an torus with σ=45◦; Y=2, 10; p=0; and i=0, 45, 90◦ at
4.5 µm. The blue and purple lines represent a torus that is illuminated either isotropically or
anisotropically, respectively, by the central source. The black line represents the analytic transfer
function for a spherical shell.
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Figure A.20: Response functions for an torus with σ=45◦; Y=2, 10; p=0; and i=0, 45, 90◦ at
10 µm. The blue and purple lines represent a torus that is illuminated either isotropically or
anisotropically, respectively, by the central source. The black line represents the analytic transfer
function for a spherical shell.
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Figure A.21: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦ and Y=10 at 2.2 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2) to
right (p = 4). The blue lines represent a torus that is illuminated isotropically, the purple lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.22: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦ and Y=10 at 4.5 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2) to
right (p = 4). The blue lines represent a torus that is illuminated isotropically, the purple lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.23: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦ and Y=10 at 10 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2) to
right (p = 4). The blue lines represent a torus that is illuminated isotropically, the purple lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.24: Response functions for an isotropically or anisotropically illuminated torus with p=0
and Y=10 at 2.2 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
75◦). The blue lines represent an isotropically illuminated torus and the purple lines represent
an anisotropically illuminated torus both of which have a sharp surface boundary. The red lines
represent a fuzzy-edged anisotropically illuminated torus, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.25: Response functions for an isotropically or anisotropically illuminated torus with p=0
and Y=10 at 4.5 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
75◦). The blue lines represent an isotropically illuminated torus and the purple lines represent
an anisotropically illuminated torus both of which have a sharp surface boundary. The red lines
represent a fuzzy-edged anisotropically illuminated torus, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.26: Response functions for an isotropically or anisotropically illuminated torus with p=0
and Y=10 at 10 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
75◦). The blue lines represent an isotropically illuminated torus and the purple lines represent
an anisotropically illuminated torus both of which have a sharp surface boundary. The red lines
represent a fuzzy-edged anisotropically illuminated torus, and the black line is the analytic spherical
transfer function. All models include cloud orientation.
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Figure A.27: Response functions for an isotropically or anisotropically illuminated torus with p=0,
σ = 45◦, and Y=10 at 2.2 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different sp value increasing from left (sp = 0.01)
to right (sp = 0.5). The blue lines represent a sharp-edged isotropically illuminated torus. The
purple lines represent a sharp-edged torus and the red lines represent a fuzzy-edged torus both of
which are anisotropically illuminated. The black line is the analytic spherical transfer function. All
models include cloud orientation.
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Figure A.28: Response functions for an isotropically or anisotropically illuminated torus with p=0,
σ = 45◦, and Y=10 at 4.5 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different sp value increasing from left (sp = 0.01)
to right (sp = 0.5). The blue lines represent a sharp-edged isotropically illuminated torus. The
purple lines represent a sharp-edged torus and the red lines represent a fuzzy-edged torus both of
which are anisotropically illuminated. The black line is the analytic spherical transfer function. All
models include cloud orientation.
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Figure A.29: Response functions for an isotropically or anisotropically illuminated torus with p=0,
σ = 45◦, and Y=10 at 10 µm, where each row represents a different inclination from top (i=0◦)
to bottom (i=90◦). Each column represents a different sp value increasing from left (sp = 0.01)
to right (sp = 0.5). The blue lines represent a sharp-edged isotropically illuminated torus. The
purple lines represent a sharp-edged torus and the red lines represent a fuzzy-edged torus both of
which are anisotropically illuminated. The black line is the analytic spherical transfer function. All
models include cloud orientation.
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Figure A.30: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.31: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.32: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.33: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = −2; for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations
without cloud shadowing, the purple lines represent the simulations with cloud shadowing for values
of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line
is the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.34: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = −2; for i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations
without cloud shadowing, the purple lines represent the simulations with cloud shadowing for values
of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line
is the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.35: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = −2; for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations
without cloud shadowing, the purple lines represent the simulations with cloud shadowing for values
of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line
is the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.36: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = −2; for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations
without cloud shadowing, the purple lines represent the simulations with cloud shadowing for values
of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line
is the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.37: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = −2; for i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations
without cloud shadowing, the purple lines represent the simulations with cloud shadowing for values
of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line
is the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.38: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = 2; for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.39: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = 2; for i = 0, 45, 90◦ at 3.6 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.40: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = 2; for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.41: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = 2; for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is
theanalytic spherical shell transfer function. All models include cloud orientation.
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Figure A.42: Effects of cloud shadowing. Response functions for an isotropically illuminated torus
with σ=45◦; Y=10; p = 2; for i = 0, 45, 90◦ at 30 µm. The blue lines represent simulations without
cloud shadowing, the purple lines represent the simulations with cloud shadowing for values of the
average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the
analytic spherical shell transfer function. All models include cloud orientation.
320
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=10
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=20
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=50
non-shadow
shadow
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
2.2µm, Isotropic Shadow vs Non-shadow vs Analytic: i=90, σ=45, vff=0.01
Figure A.43: Response functions for an isotropically illuminated torus with cloud shadowing im-
plemented with σ=45◦; p=0; Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 2.2 µm. The blue lines
represent the models that do not include cloud shadowing, the purple lines are for the models with
cloud shadowing, and the black line is the analytical solution for a spherical shell. All models
include cloud orientation.
321
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=10
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=20
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=50
non-shadow
shadow
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
4.5µm, Isotropic Shadow vs Non-shadow vs Analytic: i=90, σ=45, vff=0.01
Figure A.44: Response functions for an isotropically illuminated torus with cloud shadowing im-
plemented with σ=45◦; p=0; Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 4.5 µm. The blue lines
represent the models that do not include cloud shadowing, the purple lines are for the models with
cloud shadowing, and the black line is the analytical solution for a spherical shell. All models
include cloud orientation.
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10µm, Isotropic Shadow vs Non-shadow vs Analytic: i=90, σ=45, vff=0.01
Figure A.45: Response functions for an isotropically illuminated torus with cloud shadowing im-
plemented with σ=45◦; p=0; Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 10 µm. The blue lines
represent the models that do not include cloud shadowing, the purple lines are for the models with
cloud shadowing, and the black line is the analytical solution for a spherical shell. All models
include cloud orientation.
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Figure A.46: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations with a sharp surface boundary and
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left). The black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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Figure A.47: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations with a sharp surface boundary and
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left). The black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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Figure A.48: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations with a sharp surface boundary and
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left). The black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
326
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.001
toriso; shadow
toraniso; shadow
analytic sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.001
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.001
2.2µm, vsani; sharp; shadow, Y=10
Figure A.49: Response functions comparing an isotropically and an anisotropically illuminated
torus with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 2.2 µm. The purple lines represent simulations
for an isotropically illuminated torus and the red lines represent the simulations for an anisotropi-
cally illuminated torus for values of the average volume filling factor ranging from: Φ=0.001 (right)
to 0.1 (left). The black line is the analytic spherical shell transfer function. All models include
cloud orientation and cloud shadowing.
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Figure A.50: Response functions comparing an isotropically and an anisotropically illuminated
torus with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 4.5 µm. The purple lines represent simulations
for an isotropically illuminated torus and the red lines represent the simulations for an anisotropi-
cally illuminated torus for values of the average volume filling factor ranging from: Φ=0.001 (right)
to 0.1 (left). The black line is the analytic spherical shell transfer function. All models include
cloud orientation and cloud shadowing.
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Figure A.51: Response functions comparing an isotropically and an anisotropically illuminated
torus with σ=45◦; Y=10; p=0; for i = 0, 45, 90◦ at 10 µm. The purple lines represent simulations for
an isotropically illuminated torus and the red lines represent the simulations for an anisotropically
illuminated torus for values of the average volume filling factor ranging from: Φ=0.001 (right) to
0.1 (left). The black line is the analytic spherical shell transfer function. All models include cloud
orientation and cloud shadowing.
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Figure A.52: Response functions for a torus with cloud shadowing implemented with σ=45◦; p=0;
Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 2.2 µm. The purple lines represent the models for a torus
illuminated isotropically, the red lines are for the models for a torus illuminated anisotropically, and
the black line is the analytical solution for a spherical shell. All models include cloud orientation.
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Figure A.53: Response functions for a torus with cloud shadowing implemented with σ=45◦; p=0;
Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 4.5 µm. The purple lines represent the models for a torus
illuminated isotropically, the red lines are for the models for a torus illuminated anisotropically, and
the black line is the analytical solution for a spherical shell. All models include cloud orientation.
331
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=10
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=20
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=50
toriso
toraniso
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
10µm, Isotropic vs Anisotropic vs Analytic: i=90, σ=45, vff=0.01
Figure A.54: Response functions for a torus with cloud shadowing implemented with σ=45◦; p=0;
Φ = 0.01; i=90◦; and Y=2, 5, 10, 20, 50 at 10 µm. The purple lines represent the models for a torus
illuminated isotropically, the red lines are for the models for a torus illuminated anisotropically, and
the black line is the analytical solution for a spherical shell. All models include cloud orientation.
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Figure A.55: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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Figure A.56: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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Figure A.57: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
shell transfer function. All models include cloud orientation and cloud shadowing.
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A.3.2 Descriptive Parameters
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Figure A.58: Response function descriptive parameters for isotropically and anisotropically illu-
minated tori with p=-2, i=45◦, σ = 45◦, and Y=10. The circles and solid lines represent an
isotropically illuminated torus, and the stars and dashed lines represent an anisotropically illumi-
nated torus. Both tori have a sharp surface boundary, and include cloud orientation and cloud
shadowing. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.59: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=0, i=45◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.60: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=2, i=45◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.61: Response function descriptive parameters for isotropically and anisotropically illu-
minated tori with p=-2, i=90◦, σ = 45◦, and Y=10. The circles and solid lines represent an
isotropically illuminated torus, and the stars and dashed lines represent an anisotropically illumi-
nated torus. Both tori have a sharp surface boundary, and include cloud orientation and cloud
shadowing. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.62: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=0, i=90◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.63: Response function descriptive parameters for isotropically and anisotropically illumi-
nated tori with p=2, i=90◦, σ = 45◦, and Y=10. The circles and solid lines represent an isotropically
illuminated torus, and the stars and dashed lines represent an anisotropically illuminated torus.
Both tori have a sharp surface boundary, and include cloud orientation and cloud shadowing. The
colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.64: Response function descriptive parameters for isotropically and anisotropically illu-
minated tori with p=0, i=0◦, σ = 45◦, and Φ=0.01 when varying Y . The circles and solid lines
represent an isotropically illuminated torus, and the stars and dashed lines represent an anisotrop-
ically illuminated torus. Both tori have a sharp surface boundary, and include cloud orientation
and cloud shadowing. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a solid black line for comparison.
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Figure A.65: Response function descriptive parameters for isotropically and anisotropically illu-
minated tori with p=0, i=45◦, σ = 45◦, and Φ=0.01 when varying Y . The circles and solid lines
represent an isotropically illuminated torus, and the stars and dashed lines represent an anisotrop-
ically illuminated torus. Both tori have a sharp surface boundary, and include cloud orientation
and cloud shadowing. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a solid black line for comparison.
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Figure A.66: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=45◦, σ = 45◦, and Y=10 with respect to different values of Φ at select wavelengths. The
circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.67: Response function descriptive parameters for an isotropically illuminated torus with
p=0, i=90◦, σ = 45◦, and Y=10 with respect to different values of Φ at select wavelengths. The
circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.68: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=45◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.69: Response function descriptive parameters for an isotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=90◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.70: Response function descriptive parameters for anisotropically illuminated torus with
p=0, i=45◦, and Y=10 with respect to different values of Φ at select wavelengths. The circles and
solid lines represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged
torus. Both tori include cloud orientation and cloud shadowing. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.71: Response function descriptive parameters for anisotropically illuminated torus with
p=0, i=90◦, and Y=10 with respect to different values of Φ at select wavelengths. The circles and
solid lines represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged
torus. Both tori include cloud orientation and cloud shadowing. The colors represent the different
wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.72: Response function descriptive parameters for anisotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=45◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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Figure A.73: Response function descriptive parameters for anisotropically illuminated torus with
σ = 45◦, Φ = 0.01, i=90◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent a sharp-edged torus, and the stars and dashed lines represent a
fuzzy-edged torus. Both tori include cloud orientation and cloud shadowing. The colors represent
the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
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A.4 Cloud Occultation
A.4.1 Response Functions
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Figure A.74: Response functions for a torus illuminated isotropically with σ=45◦, Φ = 0.01, and
Y=10 at 2.2 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different p value increasing from left (p = −2) to right (p = 4).
The blue lines represent the torus models that does not have cloud occultation implemented, the
orange lines represent the torus models with cloud occultation implemented, and the black line is
the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.75: Response functions for a torus illuminated isotropically with σ=45◦, Φ = 0.01, and
Y=10 at 4.5 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different p value increasing from left (p = −2) to right (p = 4).
The blue lines represent the torus models that does not have cloud occultation implemented, the
orange lines represent the torus models with cloud occultation implemented, and the black line is
the analytic spherical shell transfer function. All models include cloud orientation.
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Figure A.76: Response functions for a torus illuminated isotropically with σ=45◦, Φ = 0.01, and
Y=10 at 10 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different p value increasing from left (p = −2) to right (p = 4).
The blue lines represent the torus models that does not have cloud occultation implemented, the
orange lines represent the torus models with cloud occultation implemented, and the black line is
the analytic spherical shell transfer function. All models include cloud orientation.
354
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, σ=15
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, σ=30
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, σ=45
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, σ=60
non-clocc
clocc
analytic sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, σ=15
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, σ=30
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, σ=45
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, σ=60
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, σ=15
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, σ=30
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, σ=45
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, σ=60
Normalized Time 
(
2Ro
c
)
2.2µm, iso; Y=10, vff=0.01, p=0
Figure A.77: Response functions for an isotropically illuminated torus with p = 0, Φ = 0.01, and
Y=10 at 2.2 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
60◦). The blue lines represent the torus models that does not have cloud occultation implemented,
the orange lines represent the torus models with cloud occultation implemented, and the black line
is the analytic spherical model. All models include cloud orientation.
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Figure A.78: Response functions for an isotropically illuminated torus with p = 0, Φ = 0.01, and
Y=10 at 4.5 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
60◦). The blue lines represent the torus models that does not have cloud occultation implemented,
the orange lines represent the torus models with cloud occultation implemented, and the black line
is the analytic spherical model. All models include cloud orientation.
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Figure A.79: Response functions for an isotropically illuminated torus with p = 0, Φ = 0.01,
and Y=10 at 10 µm, where each row represents a different inclination from top (i=0◦) to bottom
(i=90◦). Each column represents a different σ value increasing from left (σ = 15◦) to right (σ =
60◦). The blue lines represent the torus models that does not have cloud occultation implemented,
the orange lines represent the torus models with cloud occultation implemented, and the black line
is the analytic spherical model. All models include cloud orientation.
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Figure A.80: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations without cloud occultation, the
purple lines represent the simulations with cloud occultation for values of the average volume filling
factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical model.
All models include cloud orientation.
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Figure A.81: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations without cloud occultation, the
purple lines represent the simulations with cloud occultation for values of the average volume filling
factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical model.
All models include cloud orientation.
359
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, vff=0.001
non-clocc
clocc
analytic 
sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, vff=0.001
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, vff=0.001
10µm; sharp; clocc, Y=10
Figure A.82: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0; for
i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations without cloud occultation, the purple
lines represent the simulations with cloud occultation for values of the average volume filling factor
ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical model. All
models include cloud orientation.
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Figure A.83: Response functions for an isotropically illuminated torus with cloud occultation im-
plemented with σ=45◦; p=0; i=90◦; and Y=2, 5, 10, 20, 50 at 2.2 µm. The blue lines represent the
models that do not include cloud occultation, the purple lines are for the models with cloud occul-
tation, and the black line is the analytical sphere solution. All models include cloud orientation.
361
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=10
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=20
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
p=0, y=50
non-clocc
cloccN
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
Sharp 4.5µm, iso: i=90, σ=45, vff=0.01
Figure A.84: Response functions for an isotropically illuminated torus with cloud occultation im-
plemented with σ=45◦; p=0; i=90◦; and Y=2, 5, 10, 20, 50 at 4.5 µm. The blue lines represent the
models that do not include cloud occultation, the purple lines are for the models with cloud occul-
tation, and the black line is the analytical sphere solution. All models include cloud orientation.
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Figure A.85: Response functions for an isotropically illuminated torus with cloud occultation im-
plemented with σ=45◦; p=0; i=90◦; and Y=2, 5, 10, 20, 50 at 10 µm. The blue lines represent the
models that do not include cloud occultation, the purple lines are for the models with cloud occul-
tation, and the black line is the analytical sphere solution. All models include cloud orientation.
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Figure A.86: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5 (left), 10, 20 (right) at 2.2 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure A.87: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =40 (left), 100 (right) at 2.2 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
365
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, τV=5
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, τV=10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, τV=20
non-clocc
clocc
analytic sphere
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, τV=5
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, τV=10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, τV=20
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, τV=5
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Normalized Time 
(
2Ro
c
)
0.0
0.2
0.4
0.6
0.8
1.0
i=90, τV=10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, τV=20
4.5µm, iso; Y=10, vff=0.01, p=0
Figure A.88: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5 (left), 10, 20 (right) at 4.5 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
366
Appendix. Supplementary Figures
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, τV=40
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=0, τV=100
non-clocc
clocc
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 L
u
m
in
o
si
ty
i=45, τV=40
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=45, τV=100
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, τV=40
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
i=90, τV=100
Normalized Time 
(
2Ro
c
)
4.5µm, iso; Y=10, vff=0.01, p=0
Figure A.89: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =40 (left), 100 (right) at 4.5 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure A.90: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =5 (left), 10, 20 (right) at 10 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure A.91: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
i=0, 45, 90◦; and τV =40 (left), 100 (right) at 10 µm. The blue lines represent simulations
without cloud occultation, the orange lines represent the simulations with cloud occultation and
the black line represents the analytic transfer function for a spherical shell. All models include
cloud orientation.
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Figure A.92: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 2.2 µm. The purple lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure A.93: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 4.5 µm. The purple lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure A.94: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 10 µm. The purple lines represent simulations with a sharp surface boundary,
the orange lines represent the simulations with a fuzzy boundary for values of the average volume
filling factor ranging from: Φ=0.001 (right) to 0.1 (left), and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure A.95: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦, Φ = 0.01, and Y=10 at 2.2 µm, where each row represents a different inclination from top
(i=0◦) to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The orange lines represent a torus that is illuminated isotropically, the red lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure A.96: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦, Φ = 0.01, and Y=10 at 4.5 µm, where each row represents a different inclination from top
(i=0◦) to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The orange lines represent a torus that is illuminated isotropically, the red lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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Figure A.97: Response functions for a torus illuminated either isotropically or anisotropically with
σ=45◦, Φ = 0.01, and Y=10 at 10 µm, where each row represents a different inclination from top
(i=0◦) to bottom (i=90◦). Each column represents a different p value increasing from left (p = −2)
to right (p = 4). The orange lines represent a torus that is illuminated isotropically, the red lines
represent a torus that is illuminated anisotropically, and the black line is the analytic spherical
model. All models include cloud orientation and cloud occultation.
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A.4.2 Descriptive Parameters
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Figure A.98: Response function descriptive parameters for isotropically torus with σ = 45◦, Φ =
0.01, i=45◦, and Y=10 with respect to different values of p at select wavelengths. The circles and
solid lines represent torus models with cloud occultation, and the stars and dashed lines represent
the torus models without cloud occultation. All models include cloud orientation. The colors
represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The analytic spherical solution
is plotted as a dashed-dotted black line for comparison.
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Figure A.99: Response function descriptive parameters for isotropically torus with σ = 45◦, Φ =
0.01, i=90◦, and Y=10 with respect to different values of p at select wavelengths.The circles and
solid lines represent torus models with cloud occultation, and the stars and dashed lines represent
the torus models without cloud occultation. All models include cloud orientation. The colors
represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The analytic spherical solution
is plotted as a dashed-dotted black line for comparison.
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Figure A.100: Response function descriptive parameters for various simulation runs for a torus
with p = 0, Y=10, and i = 45◦ illuminated isotropically with cloud occultation (circles and solid
lines) or without cloud occultation (stars and dashed lines) with respect to different values of σ at
select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
All models include cloud orientation. The analytic spherical solution is plotted as a solid black line
for comparison.
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Figure A.101: Response function descriptive parameters for various simulation runs for a torus
with p = 0, Y=10, and i = 90◦ illuminated isotropically with cloud occultation (circles and solid
lines) or without cloud occultation (stars and dashed lines) with respect to different values of σ at
select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
All models include cloud orientation. The analytic spherical solution is plotted as a solid black line
for comparison.
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Figure A.102: Response function descriptive parameters for isotropically illuminated tori with p=0,
i=45◦, and Y=10. The circles and solid lines represent torus models with cloud occultation, and
the stars and dashed lines represent the torus models without cloud occultation. All models include
cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.103: Response function descriptive parameters for isotropically illuminated tori with p=0,
i=90◦, and Y=10. The circles and solid lines represent torus models with cloud occultation, and
the stars and dashed lines represent the torus models without cloud occultation. All models include
cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm).
The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.104: Response function descriptive parameters for isotropically illuminated tori with
p = −2, i=0◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and
30µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.105: Response function descriptive parameters for isotropically illuminated tori with
p = −2, i=45◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.106: Response function descriptive parameters for isotropically illuminated tori with
p = −2, i=90◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.107: Response function descriptive parameters for isotropically illuminated tori with
p = 2, i=0◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.108: Response function descriptive parameters for isotropically illuminated tori with
p = 2, i=45◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.109: Response function descriptive parameters for isotropically illuminated tori with
p = 2, i=90◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.110: Response function descriptive parameters for isotropically illuminated tori with
p = 4, i=0◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.111: Response function descriptive parameters for isotropically illuminated tori with
p = 4, i=45◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.112: Response function descriptive parameters for isotropically illuminated tori with
p = 4, i=90◦, and Y=10. The circles and solid lines represent torus models with cloud occultation,
and the stars and dashed lines represent the torus models without cloud occultation. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.113: Response function descriptive parameters for isotropically illuminated tori with cloud
occultation where p=0, i=45◦, and Φ=0.01 when varying Y as the circles and solid lines. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a solid black line for comparison.
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Figure A.114: Response function descriptive parameters for isotropically illuminated tori with cloud
occultation where p=0, i=90◦, and Φ=0.01 when varying Y as the circles and solid lines. All models
include cloud orientation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). The analytic spherical solution is plotted as a solid black line for comparison.
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Figure A.115: Response function descriptive parameters for various simulation runs for an isotrop-
ically illuminated torus with p = 0, i = 45◦, σ = 0◦, and Y = 10 with cloud occultation (circles and
solid lines) or without cloud occultation (stars and dashed lines) with respect to different values of
τV at select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). All models include cloud orientation.
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Figure A.116: Response function descriptive parameters for various simulation runs for an isotrop-
ically illuminated torus with p = 0, i = 90◦, σ = 0◦, and Y = 10 with cloud occultation (circles and
solid lines) or without cloud occultation (stars and dashed lines) with respect to different values of
τV at select wavelengths. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30
µm). All models include cloud orientation.
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Figure A.117: Response function descriptive parameters for isotropically torus with p=0, i=45◦,
and Y=10 with respect to different values of Φ at select wavelengths. The circles and solid lines
represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. Both
tori include cloud orientation and cloud occultation. The colors represent the different wavelengths
(2.2, 3.6, 4.5, 10, and 30 µm). The analytic spherical solution is plotted as a solid black line for
comparison.
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Figure A.118: Response function descriptive parameters for isotropically torus with p=0, i=90◦,
and Y=10 with respect to different values of Φ at select wavelengths. The circles and solid lines
represent a sharp-edged torus, and the stars and dashed lines represent a fuzzy-edged torus. Both
tori include cloud orientation and cloud occultation. The colors represent the different wavelengths
(2.2, 3.6, 4.5, 10, and 30 µm). The analytic spherical solution is plotted as a solid black line for
comparison.
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Figure A.119: Response function descriptive parameters for an isotropically or anisotropically torus
with σ = 45◦, Φ = 0.01, i=45◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent the isotropically illuminated torus, and the stars and dashed
lines represent the anisotropically illuminated torus. Both tori include cloud orientation and cloud
occultation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The
analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.120: Response function descriptive parameters for an isotropically or anisotropically torus
with σ = 45◦, Φ = 0.01, i=90◦, and Y=10 with respect to different values of p at select wavelengths.
The circles and solid lines represent the isotropically illuminated torus, and the stars and dashed
lines represent the anisotropically illuminated torus. Both tori include cloud orientation and cloud
occultation. The colors represent the different wavelengths (2.2, 3.6, 4.5, 10, and 30 µm). The
analytic spherical solution is plotted as a dashed-dotted black line for comparison.
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Figure A.121: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 2.2 µm. The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included for values of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left),
and the black line is the analytic spherical transfer function. All models include cloud orientation.
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Figure A.122: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 4.5 µm. The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included for values of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left),
and the black line is the analytic spherical transfer function. All models include cloud orientation.
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Figure A.123: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; p=0;
for i = 0, 45, 90◦ at 10 µm. The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included for values of the average volume filling factor ranging from: Φ=0.001 (right) to 0.1 (left),
and the black line is the analytic spherical transfer function. All models include cloud orientation.
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Figure A.124: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 2.2 µm. Each column represents a different p value increasing from
left (p = −2) to right (p = 4). The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included, and the black line is the analytic spherical transfer function. All models include cloud
orientation.
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Figure A.125: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 4.5 µm. Each column represents a different p value increasing from
left (p = −2) to right (p = 4). The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included, and the black line is the analytic spherical transfer function. All models include cloud
orientation.
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Figure A.126: Response functions for an isotropically illuminated torus with σ=45◦; Y=10; Φ =
0.01; for i = 0, 45, 90◦ at 10 µm. Each column represents a different p value increasing from
left (p = −2) to right (p = 4). The blue lines represent simulations with only cloud orientation
included, the orange lines represent the simulations with all of the radiative transfer treatments
included, and the black line is the analytic spherical transfer function. All models include cloud
orientation.
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Figure A.127: Response functions for an isotropically illuminated torus with σ=45◦; Y=2; Φ =
0.01; p = 0; when varying i from from i=0◦ (left) to i=90◦ (right) at 2.2 µm. The blue lines represent
simulations with only cloud orientation included, the orange lines represent the simulations with
all of the radiative transfer treatments included, and the black line is the analytic spherical transfer
function. All models include cloud orientation.
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Figure A.128: Response functions for an isotropically illuminated torus with σ=45◦; Y=2; Φ =
0.01; p = 0; when varying i from from i=0◦ (left) to i=90◦ (right) at 4.5 µm. The blue lines represent
simulations with only cloud orientation included, the orange lines represent the simulations with
all of the radiative transfer treatments included, and the black line is the analytic spherical transfer
function. All models include cloud orientation.
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Figure A.129: Response functions for an isotropically illuminated torus with σ=45◦; Y=2; Φ =
0.01; p = 0; when varying i from from i=0◦ (left) to i=90◦ (right) at 10 µm. The blue lines represent
simulations with only cloud orientation included, the orange lines represent the simulations with
all of the radiative transfer treatments included, and the black line is the analytic spherical transfer
function. All models include cloud orientation.
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Figure A.130: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10;
p=0; Φ = 0.01; when varying i from from i=0◦ (left) to i=90◦ (right) at 2.2 µm. The orange lines
represent simulations with an isotropically illuminated torus and the orange lines represent the
simulations with an isotropically illuminated torus. The black line is the analytic spherical transfer
function. All models include the “complete” radiative transfer treatment.
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Figure A.131: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10;
p=0; Φ = 0.01; when varying i from from i=0◦ (left) to i=90◦ (right) at 4.5 µm. The orange lines
represent simulations with an isotropically illuminated torus and the orange lines represent the
simulations with an isotropically illuminated torus. The black line is the analytic spherical transfer
function. All models include the “complete” radiative transfer treatment.
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Figure A.132: Response functions for an anisotropically illuminated torus with σ=45◦; Y=10;
p=0; Φ = 0.01; when varying i from from i=0◦ (left) to i=90◦ (right) at 10 µm. The orange lines
represent simulations with an isotropically illuminated torus and the orange lines represent the
simulations with an isotropically illuminated torus. The black line is the analytic spherical transfer
function. All models include the “complete” radiative transfer treatment.
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